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ARSTRACT
Thie vepors is cue of four containing the papers submitted for the 1956
Radoms Symposium held st ths Ohio State University, Columbus, Ohio. The
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A POLARIZING, REINFORCED, BROAD-BAND ANISOTROPIC PANEIL.

H. S. Kirachbaum
. Autenra Laboratory
Departmeant of Electrical Eugineering
The Ohio Siate University

INTRODUC TION

‘The panel to be described below, while not originally
intended for radome use, might nevertheleas be of interest im radomes
for the following reasons: ’

a. The panel can be used in its present form to obtain circular -
polarization over a broad-band of frequencies.

b. The metailic sheets could serve as reinforcing for the panel,

c¢. The combination of anisotropic dielectric with the metallic
sheeta might, through modificaton of the present pacel, effect
an improvement in the transmission parzmetera of the pauel.

The panel consists of an ani-otropic dielectric with ¢_ in
the y direciion greater than &, in the x cirection, propagatica through
the panel beinug in the Z direction. At intervals along the y axis there
are imbedded in ths panel metallic gsheets whose planes are parallel to
the X-Z plave. A y oriented linearly polarized wave is wot affected by
the metallic shects, its propagation constant in the panel being determined
€ and w. Aun ¥ oriented lincarly polarized wave has a propagztion constant
:'uy the panel which is affected by the metallic sheets as well 25 by €, and w.
The X orieanted wave, while ia the panel, is in effect in a wave guida whone
cut-off wave length is twice the electrical distar ;e between metallic sheetsa,
Because of this and because £ > €_ the curves of propagation coustants vs
froquency are very nearly parsllel to each other over a broad band of
frequencies. By properly ckovsiag the panel thickuess a differential phase
shift of 0% can be obtalned for the x and y orionted waves. ¥} a wave
lingarly polarized at an angle of approximately 45° with respect to the y
axig iy incident wormally upon the panel, a circularly polarized wave will
he troansmitied through the panel,

Fanuseript releuged by ‘Lo editexn 24 July 1956 for publicetion as e WADQ
Techuical Rsporte
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ANALYSIS

Figuras 1 shows the important dimensions of the panel and in
addition shows a plane Unearly polarized wava incident upon one face of
the panel. This wave has electric field components E; and E_ both being
equal in magnitade and in time phase with each othor. y these two
n componeuts should be transmitted with no attenuation, but with a 90°

s differential phase shift in time between the emerging fielda.

?)

< l""‘""""“—“'""-“ - oo o
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’ Figare 2 showa the zhare conatants for the x and y polarized waves,
The {requency v, i@ that freqrancy,at which thy olepas of the two curves are

eqanl. This {u talen aa the cenier ol a froquincy band over which the

differential phage coustant is vory ucarly constant. The phese constants are

given by

_ 2w T
y i V% g

Nz
2 D

whore A i3 the free space wave length of the wave, Letting A denote the free
epace wavelength at the center frequency w, then,
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At this wavelength the differeutial phase coustant ( A ﬂ‘)o is,

), = — ~ Ex B O

k.3 S

In order to achieye a 90° differential phnse shitft at the wave
length 1, it is necessary to choose £ so that £ (Ap) = w/2. Vhen thig ia do

1=2X (5)

T

7]
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In ordex to have good transmission through the panet it is
necessary to match the two free space regions separated by the panel
from each other, For Le y cumponent this can be done at the center
1 - frequency by making Byo 2 = nv where n {s an fnteger. When this is

i doue,
122 (6)
2 ’ky |

1 For the x component at center frequency, the guide impedance
in the panel is set equal to that of free space. Upon doing this,

" ho = 2a o[l 1) 4!

The four conditions set forth in equations 3, 5, 6 and 7 when
aolvud for a, £, k, and ky yield,

] _ 2n
. kx - Zn'__ =1 4 (8)

. ._
ky = k} (9)

Ao (10)

. 1= Bl (1)

: 2 ky

For example at Ay = 3.00 c¢m if u = 3 theve results,

! k, =1.20 a=3,35 cm, (= 1.32 inches)
;’ ky = 1.44 2=3,75 cra, (= 1.477 inches)
{
| Figure 3 shows the calculated axial ratio for this panel over a ': Bt
Y band of froquencies from to mc., :-r"!'
ey
~

e
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EXPLRIMENTAL RESULTS

Uzing polystyreac and polyfoam it was not posaible to construct an
artificial anisotropic diclectric with the above relative dielectric nonstauts.
Instead a pansl was constructed using an anisotropic dielectric haviug the
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maximum ratio &/kx obtainable from polystyrene and polyfoam. This panel,
the dimensiona of which are tabulated in Table I, is shown in figure 4.

Table I

Dimesusions of Experimental Panel

a=_Z.64cm Ao = 2.70 cm

ky = 1,795

ky = 1.470 £=2.59 cm

The experimental and calculated performance of this panel is shown in

‘ figure 5 where the wave incident upon ths panel emanates fzom a 4" x 4"
horn piace severzl inches from the panel, The horn was loaded with
absorbing material to absorb any cross polarized reflection from the
window, These tests were made with the wave aormally incident vpor

the horn,

Transmission coefficients have been calculated for this pansl
at 8,80 kmc. They are 1,00 for both the y polarized aud x polarized waves,
both waves being norraally incident on the panel. Transmission coefficients
were measured for angies of incidence up to 30° as shown in figure 6. It
was not poasible to go beycad this since the panel was too small. The trans-
mission coefficients slightly in excess of unity are caused by a focusing
effect of the panel. Thke rays ernanate from some poir® on the throat of the
born and are refracted toward the normal in the panel. After emerging
from the panel, they appear to emanate “rom a "virtual" source somewhat
cloger to the pancl than the actual source. :

CONCI.USIONS

This panel, which contains metallic sheets as an integral paut
of the panel, offers some interesting possibilities for pgssible radome use.
Further analysis and experimental work will have to be done in oxder to
achieve those tranamission properties which are desirable for radomes,
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] THE DIELECTRIC TENSOR OF ALTERNATING-LAYER MATERIAL kj

I '.‘ : WITH APPLICATION TO HONEYCOMB AND BROADBAND RADOMES “

1 Jack Kotik 0
TECHNICAL RESEARCH GROUP i

. .

§'- Dielectric honeycomb material has attracted radome fabri- ai

cators because of 1ts high strength-weight ratios (in sandwich form). Ln

Rational design of such radomes requires that the effect of honey-
comb on microwaves be calculable., If the ratio of cell size to

wavelength s small enough, the honeycomb will act as a homogeneous
agisog‘ropic material. We shall calculate its constitutive tensors

\ H’e'

We flrst calculate the constitutive tensors of alter-

-——

\ ﬁating-layer medium, which is shown in Fig. 1.
x
Static (long-wavelength)
gonsiderations indlcate that
Y ; . : t;
!* - - b:
' eﬁ"*\et Yhe oM L
| . I
i ¢ . . : N
-3 | -4 FE
B! 7/ € =€ + {1_61_ .2 %
é 6' Gl . " ":P
{ i Mg F‘%" E§
d, %zi i ) }
where fy = I g’ 61- 18Lthe:.die1ect;ric constant 103 E parallel E
,- to the z-axis and ~&; 18 the dielectric constant for F normal to q
i the z-axis. The direction of propagation is quite inmaterial, so =~
. that in the coordinate system of Figure 1, the elements of & are , iR
€xx =€yy = €q .Gz, = €& , and the other elements vanish. The LIS
results i“gr [ are completely similar. Fermulas 1.1, 1.2 are !\~
essentially the formulas for condensers in parallel and in series. z‘
This rapld derivation gives results which can te obtained in a y;
more rigorous mann2r, as in QSR No. 1 on AF33(616)-2973. 4
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; : §1- Honeycomb can be analyzed by ‘disscction. Invoking sym=
(%.. . metry we may take as a unit cell the following:

x

| ot
-
.

BN
B
\
‘ -
T
/
7’
B
e
n
-
»N
™| 9"
«

~ b e
N 2V ¢
‘; : 3 d3 r
R I
L d’ Y
o _ -
_‘i Subcells / , 7 will be in parallel (series) for E parallel to
% X, 2 (y). Cell " 1s alternating-layer material, and hence
o4 3 Xs , €z are given in terms of 1,1, 1,2, Observing that
AN the 'celx may 1tself be bisected, and that the result is almost
® } . a unit cell (although not a natural one) of zlternating-layer
S material, we have ’
'_"- : 1 ! ' t
e i 2.1 Cy = G,coazc(-t €y sin?x
‘t'::\ H [
| 2.2 €y« €air?& 4 € cos?x
N\ ! ) .
. i ' '
’ 2.3 €z « €x
N H

[ [
where C¢ , $¢ are determined from 1.1, 1.2 using the geometry
. of the preceeding figure. The quantities «, d{ , d‘,d” depend on
™ ; the detalls of the clrcleu region and detalls of the c¢ell bouniar-
ies, but for ordinary honeycom in which dA'& & d¥ the uncer-
tainty is small. The subeeils are combined te gilve

- ‘ . ' UL
by 2.4 €, &'+ "€,
h“ i
W \ - - a-!
| 2.5 eyati€y e '€y
- |
"'q } ' 3
»! 2.6. €, =z éz r t" € z» Where
1)
ol 1,
» ph M A
o = q" + 4f
‘.\
> This anslysis is rough but may be expected to be rather a‘gcurate
? for dg'44 d)' ; naturally 1t 1s most accura%e when A4y .

.-
s Yy
.

WA

. Measurements at WADC on a sample having €; = 1,
€, =4 (1 +.014) ) yielded €, = 1.20,€, = 1,15, €, = 1.20.
There 1s generally some uncertalnty rezavd¥nc dé s ds because
of the way 1n which the, fiberglass is impregnated with resin. o
However, the value of do was believed to lie in the range .005" -

.
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.008”. Theory ylelds the folléwing values: 3

dé Ex ex _ Ez Be
SSE I 006"  1.097 1.135 1.18% i
< .0065"  1.10% 1.147 1.198 124
3 .007 1.111 1.158 1.213 - B

f.

03 Ce i e N
A S P T N1

nli‘uﬁ& L,

i

The values for d3 = .0065° agree very welli with the measured g
values. Additional information may be found in QSR No. 1 on : B
AF33(616)-2973. Formulas for transmission through anisotropic e
multilayers may be found in the report, "The Propagation of Elec- »
tromagnetic Waves Through Anisotropic Fultilayers" by S. Cutler,
AF19(504)-1307. - )

Alternating-layer materlal, in which one layer is thin 197
[say .010" - .020") and made of fiberglass and the other is thicker 1%
tsay .050" - .100") and made of foam, has been used in the construc- ]
tion of wideband radomes. Our previous results can be used to ob- é
tain a simple analysis of such radomes. In the frequency band for Ne
which both layers are thin this radome wall 1s simply a slab of &f
horogeneous anisotropic material with & = 1 and & given by 1.1 :
1.2.  For instance, if dj = .050", €1 = 1.07, dp = .010", €2 = b ok
we have

€x= € = €r=1 558
€= €g= 1,219

We see that the high transmission in the low-frequency band 1s due B
9 to low dlelectric constant rather than any "tuning" effect assosi- iy
] ated with the multilayer, and that a transmission calculation 1
based on & 1s simpler than the conventlonal calculation. L 1

Redheffer has also investigated a slab of alternating-
layer material (with layers parallel to the slab boundaries),
. frow a different point of view, and found that it 1s equivalent
g to a homogeneous 1sotropic slab having ¥l and a different thick-
N ness, This result is surprising but correct and merely lndicates
g, that the "natural" equivalent of alternating-layer medium 1s aniso-
< tropic, as in Section 1. "Natural” means that thickness and the
proverty M= 1 are preserved. The situation may be cogently
L formulated via the following equlvalence:

Pelt” B
ot W YD

T

An anisoSropic slab with thickness d and

ex 0 O ‘ \*x o O \
© & ool , Pl Mo
IOOQ‘ 0@“1

{3 where €, =€,, M x sfly has the same {complex) transmission coef-
" ficient at & - pol. (all 8 and W ) as the isotropic slab having
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A | aud toe same (comnlex) transmission coeffictent at IT -pol, {all @

e : ) and ) ) as the isotropic slab having

o | - 7, a=a
L g M e T, e
S

S
’

S Pt s 1A

o ‘ where T = l“}; ; T\ =\ & ‘ Hence a polarizatione
O O e A €x

independent equivalence is possible only for those specilal media
having ¥, =7, or € = qr. s, where 8 1is a scalar.
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4 . STREAMLINED LENS-RADOMES . Ly
; ' Alan F. Kay ' ;
TECHNICAL RESEARCH GROUP | t‘}-'

. . li}l‘ ‘.'

The conventional antenna used with a rzdome 13 a parabo- e

loidal dish and feed. The feed serves as a scurce of spherical ; @

waves and the dish focuses or collimates this energy into locally
plane waves which travel out into space. The function of the

radome in this process 1s to z2¢ct as if 1¢ were not there. A focus-
ing element of another ftype occasionally used inatead of the dish

1s a dielectric lens. At the same time the lens action of radomes
with intentional or unintentional tapers has frequently been observed.
It seems natural to ask iIf 1t 1s not possible to combine the func-
tion of the. dieleetric housing, the radome, and the antenna focus-
ing element into a single unit, a "lens-radome®.

e e
v

. In a certain sense, "lens-radomes" have been used before.
: Any time a dielectric lens is used in a flush mounted application
- or without a radome, the focusing and housing functions are being
" performed by a single component. But such applications are not
the ones in which radomes have difficult problems. For one thing,
until now lens-radomes have not been streamlined. Their exterior
surfaces have been flat, almost flat, or at most, spherical.

'
i
i An example of the latter, which we will refer to a num-
}

ber of times again, is the Luneberg lens. Let me recall (Slide 1) L@
: that a Luneberg lens is a spherically symmetric lens whose Iindex A
i of refraction %which Is the square root of the relative dicleciric b
? constant) varies radially from a maximum of Y2 at the center to a_ R
! value unity on the outer surface following the 1law n° = 2 - (r/a)2, &
% where a 1s the radius. On the basis of geometrical optics, a &}
} point source placed on the surface of the Luneberg lens focuses -y
} into a plane collimated beam. Because of the spherical symmetry, 4
! the beam will scan throughout all space without distortion if the
! source traverses the surface of the lens appropriately. g
H -
% Lunebergs have been bullt and tested at many laboratories :3
) and have been found to operate well 1in the microwave range up to PRYE,
§ frequencies above X bancd, Some of you who have had so little luck e
P with geometrical optics in radome error analysls, may be skeptical St
: of a purely optical design working so well in this case. A proof % %
; that geometrical and physical optics are qulite accurate for the {:
; Luneberg lens has been obtained by Henry Jasik, who in his doctoral }#;
| thesis at P.I.B. gave an exact electromagnetic solution of radia- ﬁlt
tion from both a dipole and an omnldirectional source on the sSur- iﬁ-
face of a Luneberg lens. Jaslk compared this solution with the g
physical optics solution and found no practical difference for the g
main lobe and the first side lobes for the case of a lens as small )
as 2 1/2 wavelengths in diameter. Unlike conventional radomes a koY
Luneberg lens has a slowly varying refractive index. There are g{.
no index discontinuities and the maximum index value is relatlvely e
small. [ ]
and
h.
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The reason 1 have spent a 11ttde €tise talking about the
Luneberg lens is that I want to desuribe taidmg designs for stream-
lined lens-radomes of which the Lunsberg lems is & special non-
streamlined-case, Before doinrg so, I would like to diucuss
briefly the preliminary considerations which 3#d us to this design.,
To begin with, our ultimate goal has been am axially symmetric di-
electric lens-radnme, with fineness ratios =s Mgh as 3 to 1,
capable of scanning to -+ 45°, and usable im sppifeations where -
there are weight, strength, thermal and sresiom problems, as well
&3 electrical transmission and boresighting requirements.

Certain theoretical consideratioms, a& well as the weight
of experlence, shows that only the Luneberg lems and certaln modi-
fications of the Luneberg which are 2lso spheriezlly symmetrical
can achleve perfect focusing for a range of sea» angles, We thus
consider designs which focus zpproximately thromghout a scanning
range. We have restricted our attentiom peimertly to a two dimen-
sional analysis in the plane of the feed offeet. Considerations
under this tvo dimensional restriction are suff¥elent to show that
most design approaches are unsatisfaclory. A nmber of design
procedures were consldered at first. These uliiized homogeneous,
multilayered, and continuously varying indiees. The continuously
varying indices includsd radial variation, imesr varliation both
axlal and transverse, and combinations cf 211 ef these, 1In every
case, a particular type of index variation s@s consldered first,
then some criterion of focusingz and scanning =5 employed such as
two or three point correction or the Abb& sime somdition, and then
the ray paths were determined. Let me call tids the "analysical"
approach. These attenpts were ahandoned for one or more of the
following reasons: inadequate streamlining, emputational complex-
1ty, lnadequate scanning range, or impracitesl index values,

The design which has proved most svecessful and which I
shall discuss today reverses the analysis procedure. We start by
choosing a fleld of curves which, if they we™e r2ys, would mean
good focusing and scanning properties. Them we "synthesize" a
variable refractive index such that the rays assoelated with this
index are the chosen curves. We thereby realfze the desirable
focusing and scanning properties.

Let me illustrate this method with sm example (Slide 2).
Supposa we would like the outer surface of the laas-radome to be
an ellipse gliven by equation 1) where the source, or feed phase
conter, 18 at the point (-1,0). Observe that for A sufficiently
large, the fineness ratlio 1s as large as you please. Now we want
a fanily of rays wnich focus and imply som2 scanming ability., We
choose the family of ellipses specified by a paramster § in equa-
tion (2), where O 1as the angle that the rsy wmakes ¥ith the axis
at the scurce, These curves were chosen for a uguasber of .reasona:

(1) they focus, that is %hey all start Zrom the axial
feed point and emerge at the outer surface of the lens
parallel to the axls.

(2) tney satisafy the Abhé sine conditiom. This conditicn
WADG TR 56-393, Vol 1 B

Tamr Y X F SRS VAR KTITE TR T T MR a T G R U o e o & TR WP




.
g e os P oy s § P TR - PR - . . N ., e 50 E3 A
.-.\..» T e & T : R kA 290 ERES

———— e cmmsmraoy e

AL ST LN SR T SN AN AN SRR TR R T 0 A KA R DU VAT AR TR LA ALY L W ML R R AR TLE SAE zw—’-g

short distance the becam will scan and the lens will continue

to focus, not only those rays in the plane shown, but also

the rays leaving the source and entering the lens in all direc- -
tions in space. - :

;
b
implies that when the feed point is moved off the axis for a g

3) vhen A = 1, this design reduces to the ordinary Luneberg
lers. By taxing A larger than 1, we are thus, in a way,

" ushing out” the Luneberg lens, proceeding from the known
to the unknown - and since A is arbitrary - with as big a
Jump as we care to take.

Now how do we determine a refractive index variation
' which asctually makes the curves of equation (2) into rays? We have
the differential equation (3) of a ray in a continuously varying
medium, which says that the ray's curvatureX equals the dot
product of the unit ncrmal to .he ray T and the gradient of the
logarithm of the refractive index. This equation 1s a direct con-
sequence of the elkonal equation (4) for the wave fronts,

g i ¥ <« constant. The eikonal equation may be derived as the asymp- g,
s 3 totic solution of Maxwell's equations for the phase of the fleld %
] as A ~» 9. 3Both of these derivations are given in Silver's |
v ’ antenna book., From the equations of the rays we can find eXpres- A
. sions for vheir unit normals and their curvature. In an analysis §
Y design on2 would have the index and a desire to find the ray paths, N
Y-t Here we have the ray paths and desire the index n(x,y). This B
BN requires solving a first order pnartial differentlal equation - k,
s ] which can be done by the following method. We first find the or- v
A ; thogonal trajectories of the rays; these are the wave fronts, !
N ! This can be done by numerically integrating the first order’ ordinary A
el diftrerential equation (5), or by the simole graphical means of A
Hﬂ ? starting at a point on the outer lens surface and, with the aid of v
0y i triangies, tracing by eye a curve which _ritersects each successlve it
B4 % ray at right angles. The graphical method has been quick, simple, :
;)_ i and accurate for this problem. )
=:i Yow if s is arc length along a perticular wave front, 5
- e ! then the ray eguaticn may be integrated to yleld equation (6). F
A f Upon substitution for ~urvature and changing the integration vari- '
R ; able to t, we obtain (7) in which the integrand is a function of t
A | zlone by substitution of O from the solution of (5), In the
L2 {, Luneberg case (A « 1), these integrals may be found explicitly and ’
e we "rediscover" the Luneberg index variation. For the case A>1, .
b ! a numerical sclution is required. Again a graphical procedure works ;
Lo well, We take a pair of dividers with a fixed small spacing a s, "
i$3§ and lay off a serles of equidistant points, say 1,2,..., J, on the
S wave front, the first point being at the outer surface. Then by
e the trapezoidal rule, applled to (6), the value of log n at the g-
o th point is found from equation ( g where 2y 1s obtained by lnter-
: pelation, from the values of curva

ure of thei ays near the ith
point. n, Is an arbitrary initial value of n Yone of the nice
points 1n tals method is that the index on the outer surface is
arbitrary). In this' way, we determine n on each wave front and
repeating for all the wave fronts we have n at a set of points
covering the whole lens. By lnterpolation we determine contours
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of constant index n, the "isofracts”. This method was tested with YFQ
the Luneberg lens, (case A =1 in equation (2), and it gave the L
Luneberg index variation with an accuracy 1n'n of £ .005 or better.

, The resultis of this method for the case A * 2 are shown X4
in Slide 4, Eight rays, fourteen wave fronts, and the isofracts _"e

; in steps of .02 from 1.00 to 1.38 are shown. The lower half of the £
< lens 1s symmetrical and 1s not shown. )

S V
N Ap an 1llustration of a more streamlined case, rather

P than choose a larger value of A, we decided to employ a more prac-

-~ tical, ogival outershape (Slide 5). Here the equation of the outer -

Y, surface is given by {9). The eguations of the rays are shown in

3 (10). The case ny = 1, is shown in Slide 6.

L g 4 R

| Since in actual fabrication the outer surface would Y
L IR probably be taken along the n = 1,02 isofract, the overall flne- - [N
=N ness ratio of such a lens radome would be about 2:1. If the index .
e of the outer surface n, is chosen greater than unity, then a refrac-

- tion will take place ag the boundary which must be accounted for ‘

L | in the equations for the rays. While our method still applies in bt
S ! principal, difficulty 1s experienced near the nose and a situation |

G- : prevalls which may be summarized as follows, In view of the re-

. quirements of focusing, the Abbé sine condition, and a large fine-
C. ] ness ratlo, if we ask for an index at the outer surface of ng = 1.2
S or greater, then the thickn2ss through which an index appreciably
= greater than unlity prevails, turns out to be so thin that 1t seems
= Just as satisfactory and much simpler to work wlth an ng = unity

: ' design to begin with and then add a thin high index layer to the
outer surface. The error introduced thereby may be partially
compensated for later,

v
B

Let us turn now to some practical considerations, How
would one make such a variable index lens? To answer this ques-
tion ve examine the technology developed for the Luneberg and other
variable index lenses, Let us consider a lens suitable for X band
or lower frequencies., It has been found satisfactory to spproxi-
mate the index gradlent by ten homogenecus layers with index »f
refraction starting at 1.02 and increasing in steps of .04 with a

(I"
A

NI

e

g
f S

.- tolerance of * ,01 or perhaps + .02, Loss tangent must be less

- than .01 but dimensional tolerances are half the thlckness of the
N layer and are no problem at all, Luneberg lenses are now avallable
e commercially from at least three places: Emerson and Cummings,

N Delaware Research and Develepment Corporation, and Scientific Associ-
g ates, Inc, Thelr methods of manufacture differ, The layers may be
.j machined or molded in matched dles, They may be made of polyfoam
N of various densities, pecrnaps loaded with conducting particles,

;3 or of a ceramic foam, They may be artificial dielectric.

'! All these techniques apply equally well to the stream-

e lined lens-radomes. As an illugtration of cost, it 1s estimated

=:‘ that a single experimental model of elther the blunt or stream-

AN lined shape, held to tolerances and made by machining would cost

S $7.000. If matched dles were used, the cost would be much higher,
AN especially since the layers are not spherical.

'
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Two practical problems are transmission loss and welght.
Table il shows the estimated maximum transverse diameter in wave-
lengths for a : reamlined lens-radome for a 3 db and a 1 db maxi-
mum transmission loss far three typical materials, Table II also
gives the welight of the lens-radcme for two dlameters and the same
materials. The data indicates that loaded materials are likely to
be far too lossy bvt that unloaded materials may be tooc heavy. Or,
alternatively, a small lens-radome should have no loss or welght
problem, but a large lzas-radome would probably require an unusually
low ioss, light wcight foam to be feasible., The ceramice foam, of
course, has a thermazl advantage, and it has been suggested that at
least the outer shell might be made of ceramie for this reason.

Feeding the lens is another problem. Table III shows
the maximum feed aperture diameter versus the lens radius. Thic
data 1s based on physical optics and the Raleigh criterion, -

The Abbé sine condition. does not guarantee a large
amount of scanning. How do these lenses behave of{ axis? Can
they scan to 459? To answer these questions, ripple tank model
studies were made for TRG by H. D, Rix of the Pennsylvania State
University Physics Department, To make the models we machined
flat plexiglass stock on one side to a thlckness predetermined so
that when these models sat on the plate glass bottom of the ripple
tank, and water coveved them to the right depth, the velocity of
12 cps ripples over any point on the lens relative to that over
"deep water" equaled the design refractive index of the lens at
that point. The ripples were photographed by transmitted light,
focused by the ripples themselves and frozen by a stroboscopic
chopper driven synchronously with the source oscillator.

As a test of the validity of the ripple tank analegy for
this particular problem, a 10 irch dlameter model of a Luneberg
lens was made and tested. Slide 8 shows the results with a point
source. The emergent wave frons 1s plane but wlth an smplitude
oscillation having a 1N period and belleved to be an inherent
diffraction effect, Slides 9 and 10 show a line source. The fine
focusing properties of the Luneberg lens are clearly brought out.

One of the drawbacks of the ripple tank method is that
attenuation can not be properly modeled. The ripple attenuation
always exceeds that of a low loss dielectric especially when the
index 1s hlgh., Values above 1,5 can not be reallzed on the present’
Penn State ripple tank fer this reason., In order to minimize this
effect the streamlined models were made smaller, 10 cms. in trans-
verse dlameter,

Another difficulty is that the optical index of refrac-
tion of the plexiglass and the water differ so that over the non-
flat portion of the lens, optical refraction errors distort the
outlines of the lens and the wave fronts above. The ripples
themselves distort smcoth curves such as the lens boundary or
machiring lines so that thelr lmages appear cycloldal,
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™ The next two slides snow the blunt and streamllined lens-
g ; . radomes, each 5A in transverse diameter, 2% normal incidence
‘ - focusing 1s as good as the Luneberg lens. The amplitude oseilla-
= tions of period 1A are still present in the cmergent wave front.
D . The next slide shows a tolerance study. The wave trcats behind N
- are the ones on the previous slide. Those slightly ahead were -,
t.: photographed in a double exposure when the water Jdepth was increased M
-, .17 mes so that the indices are related as shown, The next two T
! slides show the blunt and streamlined lenses with the point source T
SEE at about 30° off axis. The streamlined case 1s shown again in the (o
o next slide as a douole exposure, The clircular wave fronts of the ¥
< source alone are shown superposed. The next slide shows the }1‘
- . streamlined lens at 40° off axis. Definite beam deterioration 1s SR
i noticeable, ) o
\ L ;\'
\ A line source properly models an incident field on recep- 0!
tion. But since antenna feedas are not isotropic, a point source CE
does not model the antenns properly on transmission. For this E{__
reason the line source photographs shown next are perhaps of more 1 H
, ingerest. We have the blunt lens at 0%, 15%, 309, 40°, 50°, and B
i - 60° incidence, and the streamlined lens a&t 0°, 15° and 309, o2
incidence. Althgugh we observe that the scanning range appears to L!
be at least i 307, this study is still IZn progress and definite L
conclusions can not be stated at this time. . B
RL.
y 3
L i
circular bagk surfacge o
;
\
1 elliptical outer surface 2
! Here n = ngy is arbitrary ! ‘Q
source N A - T N':
:&
; PR
s BN
; 1) G2+ =2 ;
(?) x=z=acos t+bsint +c "
! .
%E:‘: ; “there :
:6: a= (1L -A)ecos @ - A b = cos @ .!
0 -
o i ¢ = (A - 1)ecos © d =sin @ .
;;I-f : 3 XK= %V lognu n = n(x,y) : :
N 3) £y
R HI
E: ; (4) lvM12 a n? FY
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(5) L. .Y T % -
at Ve¥o + XyXg _ o o®

(6) logna Gt ds | 34
% i
(7) n(x,y) = (yyxpp-XyVe) (Xg¥e-Tox, Jat :

: n expx s
> (o] .
S d (xZev%) vy exyxg) o

1' l. l.-.-l. ¥
o

! 0y
(8) log ny = log ny+ A8 (Z X; + .’ie.;:l‘i) B

2

N
[ -
IV Y

.> ‘i
® (9) M(x®+y?) +Nx+Py4Q = O i
A 2
: where M =b,+ (2, - ¢o) tan ¢ {7\
p o 2 2 2 :!."i.
o N = (b5 + cg - a5) tand- 2a,b, \r
5 o
gé; P = 2b°(co - a,) tang +ag - bg + cg - 2a,¢, gl.,_’pi
L, oy
s - - 2 2 Lo
:;:f ‘ y | L}:\“
S _/ (20,b)
': ; ‘y TYPICAL RAY (&,7)
W OGIVE )
A8 !.‘\;‘.‘
3 : “'\/“/( : > X RY:
;“1._; ! AXIAL FOCUS (co,0) * :}3
) . .
X 3y
o (10)  Ax®+By?,Cx+ Dy = 0 05y
_: where A = ~~-\72 tan Cc = 2§V(2 tann Q :,{
J 2 . 2 X
| B - 23y - {'tan 0 D= -25y
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;- ) Table II

Material | Maximum diameter }  Weight, 1bs 5
: in wavelengths b
for for dismeter | diameter 3
3db loss|ldb loss 5 inches | 3C inches N
1) Polystyrene foam hyy 148 - .89 193 ;
2) Loaded polyfoam 6.3 2.1 22 48,4 iz
~ 2
3) Ceramic foam 133 by .71 154 %
By
Table III }
& Lens Radius in Maximum Feed Diameter in Wavelengths é?
oy Wavelengths (Raleigh Criterion) :
(. A/8 [ M6
R
W 4.8 845 .483
.:{d 6 100 058
S 10 1.45 .87
R 18 2.16 1.3%
el 30 3.0 1.92
o 50 4.1 2.68
\r
A%
T
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R
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LUNEBERG LEKS SIKULATION IN A RIPPLE TANK

x

I8

N. L. Walbridge and L. A. Woodward
University of I_‘ouont

S

e
a = '_" -’_Y: ::_.'v :-’

(Sponsored by the Office of Haval Rssearch)

During the paast {our years a group at the University of
Vermont Physics and Electrical Engineering Departments have

:

developed the ripple tank as a gquantitative tool. By optical

. B ‘ means, using a coincidence of two line images from certain

: ; : | sections of ne_i_ghboriné waves, amplitudes of emall ripx;lea
‘\"I ' ' within a 30 d.b, intensity range S.re measured with sccuracies
rJ ‘ '

F ] approaching two percent, ' -

:j ‘ In the Proceecdings of 1955 we reported briefly on the use
i‘) " of the ripple tank. Index simulation is accomplished by thin
:3 | layers of water over blocks of transparent material. The

\3. reducgd speed of ripples in shallow water produces shorter
:{4 wavelengths and the effects of refractioa.

: Ve have now extended the range of index values to more
-) than two, corresponding to dielectric constants over four.

:.‘ Tha attenuation due to absorption is larger than for the case
™

¢f radar, and it also increases faster with index, This should

“a s

rnot, however, prevent the successful simulation of many radar

R 2%

«
LAV M)

actions,

y

A recent application has been the simulation of the

Luneberg lens in which t he dielectric of a aphere must vary

@

P Y T T Y e R

as (2-r?) from the center ocut to the surface where r = 1. For

v
« “s*
oy -;_i-;

the ripple tank a circular disk about eight wavelengths in

L

. P A .
@
—
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diameter was machined down to a dome-like shape so that the

. Q@
depth af vater over any point waa such as to give an index G

o

value according to the above definition, oo

- L

Figure 1 is & representation of the radiation produced gﬁ

by this disk lens with a point source oan the rim, The abe

o

sorption through the center part of the lens is seen to have

' reduced the power in the center of ile beam. The phase fronts,

: 1 however, are substantially straight lines, This particular g
Sf ; ‘ simulation i# not perfect, due in part to the dirficnlty of
ﬁ% machining the slight change im cut cver the surface of the

: disk,
In oxrder to avoid the effect of the larger absorption

.,
Y
et @ Ui e i

o

LA
&F T
el
A AR

through the center of the lens, and also to conform with acs

4 . ii
) . tual radar practice, the point source wis replaced by a 2irect-~ ?ﬁ
g- ' ed beam, This was given by a sectoral horn simulation, with E%
A+ QA
T § . a half-pover beam width of 59, gg
" i<

The effsctive or virtual center of this primary radiation

was some distance from the rim of the lens, that is, it was

. ",
r .-E")."J.

b outside the focus. The resulting radiation is saen in ﬁ;
\\:‘ . P.'g
N Figure 2., OSomething of an image is produced a short distance Q%
'; from the lens, toward vhich ths emergeat waves lirst converge }.
xd f :p:‘:
-2 and fronm which they then diverge. e
- e
- In order to move back the focal point from the rim of Qj
- N
;: the lens to the position of the fmed pattern sourcs, that is, tE
¢ @
> to reduce the refracting power of the lens, the index was ~
Ca N
.?: reduced over the entire disk. This was accomplished by raising Q&
. :1‘:‘:
. '$‘ "“\’
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the water leval slightly by adding e meaanro& amount of water
to the tank. Thias was only omne arbitrary, but a very cone
4 : venient, way of decreasirg the index at every point, Since
ﬁ? : i _ this is a departure from the theoretical index distribution

.i : of the Luneberg lens, there are probably many other distribu.
;;, f | tions which would be usadble. The most desirable one would
éi , probably be obtained only dy experiment.,

;ﬂ Figure 3 shows the main lobe of the radiation pxreduced
fj after several trials of adding slight amounts of water, It
f%, \ consists of practically "plane™ waves. Tiue beam shape is

f$ ' . smooth, similar to that from & smal) reflestor, and has a

:! half-power beam widtb of tae order of six deyrees.

is The next point counsicersd was ths fact that any radar
:: lens of this type has to be constructad of sholls of chosen
g‘ﬁ ; thickness and zppropriate dielectric to approximate as closely
ﬂ% as possible the theooreticel variation. We then sirulated

J% | suck lenses by machining Jiska to variocus disoreet lovels,
iﬁ i Choice of index staps was arbitrary and t he nunber of sach
;: steps was varied from five to ten.

Z& The result of ons such adaptation is shown in Figure i,
N . w'th hardly any basis for choosing between this and the

;ﬂ. f preceding figure. 0Only five steps of index variavion and

«5 corresponding thickness of rings (instead of shells) were

: usad,

\ 'g Curves of the radiation pattern above and also for three
3 uﬁé other slightly different water levels over this five-step lens
[\

N
s
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arae plotted in Figure 5. All intensity values were normalized

to the same maximuam value. These wsere measured at a radial

distance of twelve or more wavelengths from the lens, which may, ; %
perhaps, be considered as in far field, Z,g

A1l of these curves show the same general smooth shape, | E
with half-power beam widths from 5.8° to 7.0°. These seem to %
show that a satisfactory beam may be produced by a smaller 20

numbsr of shells of discreet dielectric values than might be

supposed. Also, the assortment of dislectric constants re-

quired may not be critical. Those most available could be

R S — e
N A 2

-
'

selectad and the thicknesses determined accordingly. In
these examples given here no measurements of the index values
were made. More work would relate beam shape and width to

sp2cific and practical designs of such lenses.

| TN

Side lobes with these omall aperture lens simulations

oy 4
LR

v

x

are very low. Measurements have not yét been mads on them,
but they ssem to te of the order of 20 d.b, down from ths

' peak intensity.

B
A
Anoilher projuct for investigation is illustrated in g P
3 H {\'\
- Figure 6, By inserting a simulated sec'ion of a radome wall -
i ' R\
j into a beam, ths boresight shift caused thereby can be E
: 4
% measured to psrhaps & half mil. By varying the angle of } o~
‘.
! incidence a curve could be obtained giving the dboresaight
I
! shift at all aspects of a given radoms shape with a specifiled
! ' .
% antenna lucation, Other curves would show the effect of wall k 4
l "
: thickness and dielectric consta - since these can be simulated &
;' .::
:
. d
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over sufficiently wide ranges. The probability sesms good that

a combination of these pargmeters ¢can be found that will produce

a boresight shift conutant over the angle of Iook,
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BORESIGHT PREDICTION TECHNIQUE

Do ‘ Paul I, Pressel

, : Aerophysics Departments

: Goodyear Alrcraft Corporation
2t ) Akron, Ohio

This paper covers a simple procedure by which the boresight error character-

istics of figure-of -revolution radomes can be easily estimated. The method

to be. ontlined will permit a rapid evaluation of the general configuration and

magnitude of the boresight error characteristics of such radomes, without re-
. course to elaborate computational procedures.

Major efforts during the past few years have beea directed at iraproving meth-

\ ods for predicting the boresight errors caused by radomes. As more refine-
- ments have been introduced, the coraputational procedures have increased in
complexity. Some of the latest, and perhaps most elaborate, techniques require
‘high-speed computers, with very large data-handling and storage capacities
(such as the IBM 704), if the computations are to be carried out economically, -
Adequate computational facilities may not always be available, and it is not
always possible to devote the necessary time to prog::a;nming, which is quite

complex.

For the purpose of this discussion, the boresight error will be defined as the
tilt in average phase front induced by the radome wall, as illustrated in Figure 1, |
Actually, -in a conically scanning system, boresight is defined as the angular
shift of the cross-over, which to a first and generally fairly good approximation
- is the same as the beam refraction fn the offset plane caused by the radome
at the particular offset (or look) angle in question. The radome wall structure
) will be assumed to have fairly uniform transmission over the range of incidence
angles encountered between the rays from the dish and the normals to the ra-
dome wall, so that pattern distortion due to poor transmission can be ignored.
A collimated beam will be postulated with a plane phase front normal to the

rays emanating from the dish as shown in Figure 1. During passage through
the radome wall, the rays will undergo varying amounts of insertion phase

i
Y

(defined as phase retardation in excess of that incurred in travelling through

)

>l @

an equal thickeess of air at the given angle of incidence). The slope of a line
drawn as a best {it through the various amounts of insertion phase undergone

by the different rays, with respect to the phase front of the undistorted beam,

WADG TR 56-393, Vol I 33

S NesNAET AUy as TR e e b pe e e AN e e L R e e e creme e e - .
A 3 D K " NETON - s Ry s gt s e

b

."' L “*.“.'. i e L. . ._.’,...4_. » LS R )
SN AR K AN A PR RN A TR R KR O NI RN O

yots o,

"o
0



X EQUIPHASE
POINTS

" *AVERAGE D*

PHASE FRONT
AFTER PAS-

' ‘ SAGE THROUGH
RADOME WALL
PHASE FRONT
" BEFORE PAS-
Y N\

SAGE THROUGH

\/ DISH \RADOME WALL

7
.« 2
-

¢
PR St )
Ty
P e,
E A

x
v

-
P
i 50

Figure 1 - Equivalent Effect of Radome Wall Structure on Beam

o

Y

WADC TR 56-393, Vol I ' 34

7

e S

.
iy
-

s §

I Rttt R S VAU B T T o X TV .
A v x . L PN BT e e L e e n e e e ATERE sy e e e e e £ w g b g

SRR SIS AL LR RGN ORI SRR ORI

\

L A T A Ry



1

“

;

will define the boresight error. In Figure 1 the boresight error in radians will ,.§

. be defined as: i

(Ew, B ){Zw,d) t

29 by ‘

o 5 = = ’ t‘.‘

D. 2 N

S 2 (z"‘dl, k;

i Zwd” - o

" q

& 1 where w; = weighting factor for the i-th vay, :’:

PO e

f.ﬁ ; @, = Insertion phase undergone by the i-th ray, x;,
gl d

L= distance in electrical degrees of the i-th ray from the

'& o central ray. '

! }', _ \ Only rays lying in the offset plane passing through the radome axis are as-

' ::' : 1 ’ sumed to contribute to the boresight error. Finally, it will be assumed that

' o8 the radome is substantially a figure-of -revolution, that the anteana beam is

. symmetrical, and that the dish and radome are at least 10A in diameter.

\ | In Figure 1 five rays are shown emanating from the dish: the central ray,

\‘ . the 3-db down rays, and the edge rays. The centiral ray does not contribute

. \ to the slope of the new phase front, providing the other rays are symmet-

*: rically lecated with respect to it. With four rays, satisfactory resulis have o
‘ . been achieved for wall structures which may vary gradually in thickness, k
\} . Sharp narrow Ciscontinuities in the form of ring compeunsators result in less E
“r : reliable results. Presumably better predictions can be achieved with a E
\ larger number of rays, but since the intent is to achieve a rapid suzvey ot !1
2 the characteristics, the increase in labor would defeat the purpnge. On the

other hand, it will be shown that tolerable results can be achieved with cnly

"i-’ the two edge rays.

':‘ Each ray is treated as if it were a plane wave impinging on an infinite plane

® ' sheet having the identical wall construciion as that existing at the intersection

S L' between the ray and the radome wxil, and at the same angle of incidence. Al- ';
X :‘:}.‘ though the expressions for the insertion phase inlroduced by raultiple -layer 0
) 2 walls are quite lengthy and complex, it is possible to determine the insertion E

. phase rapidly by 2pplying Smith Chart techniques to the transmission line an- }%?
2 alogy of the zaulti-layered wall. O. J. Snow showed some years ago that this i
:é . could bz done to establish the transmission characteristics of multi-layered %.,
A ‘
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flat panexs.u’ More recently Dr. H, F, Mathis, at Goodycar Alrcraft Cezp-
oration, kas shown that this technique can be extended to determine the Inser-
tion phase characteristics of such panels, @) The graphical constructiem
requires only four straight lines and cne arc of circle per layer and a few
simple calculations, which can be readily carried out with the aid of a slide-
rule, The insertion phase of a single ray passing through a three-layer
sandwich can be computed in about twenty minutes, without the benefit of amy
specially prepared charts. However, if a large number of points are going te
be considered it is expeditious o prepare curves or tables of normalised
impedance and propagation functicns for the various layers over the range of
incidence angles to be encountered.

After the insertion phase undergone by each ray has been computed, the slope
of the phase front is established by calculating the slope of the bezt fit straipit
line passing through the varying amounts of phase retardation. A refinement
can be intrcduced by weighting the contributions of the various rays accerding
to the energy distribution across the dish. If only the two edge rays are used,
the slope of the straight line passing through the insertion phase undergone by
these two rays is used. In all these cases, it is implied that, to a first ap-
proximation, the insertion phase varies uniformly across the beam.

The degree of success that can be achieved with this method will be illustrated

_ in the following exarmples, ia which the predicted boresight erroras of « radome,

with this technique, are compared with the measured results. The calculations
were carried out at five offset angles for four and for two rays. Figure Z shows
the results ottained for perpendicular polarization. The solid line is the meas-
ured boresight exrror chara:cteristic; the dashed curve is based on four rays
with weighting for energy distribuzion; the dotted curve is for four rays using
uniform weighting; and the dash-dotted curve is based on the two ray prediction.
In general there is good agreement between the over-all envelopes of the pre-
dicted. and measured curves, At maximum error, the predictions do not exceed
the measured results by more than 50%. As might be expected, the two-ray
approximation shows less correlation with the measured results than do the
more claborate calculations. Figure 3 shows semewhat similar results for
parallel polarization. In general, less correlation has been found for parallel
polarization. The greater variations between predicted and measured values
are believed to be due to the fact that contributions from off-axis regions are
neglected. These same discrepancies have been neted before in more elaborate
WADG TR 36375, Vol I 36
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computations for the paraliel polarization case., Off.axis contributions due to
perpendicular polarization presumably cancel out in theix effect on boresight
because of symmetry. However, for parailel polarization, they probably tend
to add and contribute to the over-all effect on boresight error. Note that not
too much emphasis shoeld be placed on the results obtained for a single offset
angle, which can be distorted considerably,

The technique was next applied to 2 more severe case, With four rays, the
calculations were carried out cn the same radome compensated by means of
a compensating ring. At all but two offset angles, the ccmpensating ring lay
in the path of one or two rays, and was accordingly taken into account, In
those cases where the ring lay between two rays, an additional ray was intro-
\ ' duced through the ring to make some allowance for its effect, and the effect
of the central ray was also taken into account, As shown in Figure 4 for
perpendicular polarization, the compensating effect is somewhat evident but
the correlation between the predicted and measured results is not so go'od,
as was found previously. In the case of parallel polarization, Figure 5, the
lack of agreement is even worse, but the compensating efiect is still present.
It is believed that to account properly for the effects of sharp discontinuities
such as these compensators, more rays should be used in the computational

process.

Oun the basis of these results, it appears that, in general, for a surface of .
revolution radome, with a wall construction which does not include éha.rp dis-
continuities, a fairly reliable estimate of the over-all boresight error character-
istic can be obtaincd, particularly for perpendicular polarization, which gen-
erally kas the worst characteristics. A four-ray analysis vields good results,
and a creditable performance can be achieved using the edge rays only.

One particular advantage of this method is that it permits a rapid evaluation
of the characteristics of asymmetrical sandwiches for which tables and charts
are not usually available. This mzthod is also useful in rapidly determining
the relative effects of wall tapers and other variations in construction., Of
particular interest is the fact that in carrying out the graphical analyasis, it is
possible to acquire an understarding of the manner in which changes in wall

structure parameters affect the behaviour of the beam.
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SN : BUCKLING CRITERIA FOR SANDWICH SHELLS -
. “'-: _;.‘ . 3 - ‘I‘:.
S : i 5
B W. Zophres _ !
&' . Zenith Aircraft 7
SR 3 - , Gardensz, Calif, b
S :
! Sandwich structures subjected to loadings that cause instability have been v
N observed to fail as a result of either: : =
: . a) over-all buckling, where there is no separation of the faces from the !
4 . core (quasi-Evler mode), or v
P b) local instability, commonly referred to as wrinkling, where the faces ;j
-] tend to separate from the core, i
nli& - r.
é ! In this paper, a brief summary of the elastic stability of long circular sand-. P
I wich cylinders under axial compression, bending, torsion and uniform external
L pressure, is given, The buckling of conical shells is briefly mentioned and
"'. : an expression for predicting wrinkling stresses is recommended. :
F . \ .]
.:} ] ' When computing buckling stresses of sandwich structures, over-all buckling as %
<{ ~ , vell as wrinkling should be considered, with the lesser of the two determining
N the mode of buckling, E
) \3 [ (I) OVER-ALL BUCKLING E
N\ ‘
;.;:3 ; - (A) Axial Compressive Bucklinz of Circular Sandwich Cylinders, ;
x\ o The over~all buckling siress of a hlong" (length/diameter >4 ) sandwich cylinder N
. in axir) compression is given approximately by (from ref. (1)) !
" ‘L
:-C- ) E. Ceak * 4
LN = . (G4 =
[ o (1) (Tep ), = 4w —F ) I
b * R X
2 ¥ g
1 ' A
i:: where t?
f::j K.= 1—.15H when M < .98  (sandwich strong in shear)
s | .834 !
\\" . K= —g‘-_‘-— when H 2 .38  (sandwich wesk in shear) Ji
o ,
N
% and the remaining symbols are as defined under Notations
0y
L 3
N
f:$j: % In ref, (1), the buckling coefficient K was minimized by taking A4a.9;
,.‘?, Here Mo was retained as such in the minimization, which will explain the i
QN slight difference in form of eq. (1) and the results reported in ref. (1). é
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: Bquation (1) i3 based on large deflection theory* with the faces assumed to {':.L

act as membranes, i,e,, the bending stiffness about their own middle surface i
is neglected. The membrane assumpiion is conservative and is a commonly used R
one in sandwich structures. The deflection function used to obtain eqe. (1) was By
not complete, only a diamond shape wave pattern was considered, When the re- :{ié
sults leading to eq. (1) are reduced to the homogeneous, isotropic, thin-walled o
cylinder, the resulting buckling stress is "§2
| ~ 8
@) sae EE tu vall thickness) o
: Vu = - 242 Va3 =
: .‘_-. '{I
B
Kempner, ref. (2), used a more complete deflection function and was able to ; .
obtain for the homogeneous, isotropic, thin-walled cylinder the expression O
. Lo :
E+x TS
(3) T = .82 — r
3
1 If the ratio of (3) to (2), which is approximately equal to «79, is applied *k?':\ai

5

to eq. (1), the result is

ol

-{";5‘-7{: (."7:;3:" :
- yyo.

»
«
E'., h

E*__ (c+d)
,vz\ﬁ;

(1a) @‘CR){ = 3K,

- - -
A

S s ¢ e L i b S s A A+ o e,

. - @

b It is interesting to note that the experimental buckling stresses reported 5‘*{

' in ref. (1) are equal to or greater than the theoretical stresses obtained N

) ' from eq. (1a) (these experiments were performed on curved sandwich plates =

3 i which were designed in such a way as to include at least one ideal buckle). ;_"’:
A ; )

' i Equation (1) applies to an isortopic sandwich cylinder. The corresponding - P

j buckling equation for the orthotropic cylinder (like a honsycomb cors-glass e

:“_-_ ‘ fiber face sandwich) is much more complicated and has not as yet been minimize i«.::-

“ ! ed. Equation (1) (also la), however, may still be used to obtain estimates for o

% the buckling of orthotropic sandwich cylinders, provided the lesser of the two :\‘:.:}

| 0K

H WX

e

{ o

: NN

i NN

i # The large deflection theory was successfully used for the axial compressive AR

buckling of heroganeous, isotropic, thin-walled cylinders to explain dise {\:

crepancies between experiments and the classical small deflection theory. u‘}

#* The classicol small deflection Lheory for the same case yields Q"Q:.-.. -G—E’% ;-i:

-D.C.V
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ﬂ transverse cors shear moduli is used and tre 0° or 90° warp direction of the
A : faces (€, = ©9,) is oriented parallel to the cylinder axis, A slight re-
: 3 ’ ductioa in €. may be necessary to compensate for the smallness of the face sheer
SHE modulns (this statament is based on what is already knewm from the orthofropie
. flat plate theory),

(B) Pure Bendinz Buckling of Circular Sandwich Cylinders

A complete theoretical solution for this type of buckling has not been obtained
yete Am expression is available for bending buckling of a sandwich cylinder
that is weak in shear ( W 2 9® ). For this case, it was found, ref. (3),
that the eritical bending stress i3 equai to the axial compressive buckling
gtress of 2 sandwich cylinder weak in shezar, namely

Ioe

@) (ch.) =

This expression is eq (1) with ¥.= .83L/H. Physically, this critical stress
is associated with shear instability in the core and is characteristic of
most sandalich buckling problems when the sandwich construction is exhibiting
large shear deformations, This equation says that the critical load is equal
to the transverse shear stiffness of the sandwich,

Linmited bending buckling tests performed by Gerard, ref. (L), on sandwich
cylinders weak in shear (alaminum alloy faces - cellular cellulose acetate
core) i.dicate that the experimental buckling stress is on the average 32
per cent higher that the theorstical value obiained from eq. (L), Tests

,
-

i were alse copducted on cylinders having aluminum alloy faces and end grain :,\'.'\" .
; balea vood core. The results, however, showed the experimental stresses w."xz
i to be approximately four times less than the theoretical values. This was Q_ 3
| attributed to either a poor bond or to some other mode of buckling. R
i "\i~ .
i (C) _Torsisnal Buckling of Circular Sandwich Cylinders ::i'
1 ‘The over-all buckling stress of a sandwich cylinder in torsion is given by \{
% (trom ref, (5)) i
i
€. (crat)
%

' (5) (z.c.v.\f:a Ky 2.

<

where W, for a long, isotropic cylinder, where the faces are considered as
membranes, may be cbtained from fiz. (1). For the buckling coefficients of
finite cylinders, and for the case where the faces are not treated as meme
branes, the curves in ref, (5) may be consulteds In vef, (5), the buckling
of the orthotropic cylinder is also treated, however lengthy conputations
are necessary to minimize K'r .

No experirental confirmation of the theory has as yet been published.
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‘\\T - z{ : (D) Buckling of circul‘ar Sandwich Cylinders Under yniform iXxternal Pressure

1& . The uniform exter.al pressure under which a long sandwich cylinder will buckle
' is given by the expression (from ref. (6)) _

g . g ‘. i
ot

”
-

ey
[ s
o

'r{‘l

.
L,

3E & (c.-\-i)l
R 2 R? g

i

(6) q

-~

. _"“. b

)
tadi
)

4 where

e
» I’.' {‘,- -

S 4

Er.~ ) 3

o

:,_, . \ + ...é—-

-U.I A Q' .

X K

2 4 Q+%\ L4 28R

ALY

/ b

e ero' “‘5‘

S -

ﬁ-*

I Guoe= shear modulus in R-0 plane

e a and b are as shown on the sketch

_:_:::‘,'\\ In eq. (6) the faces of the sandwich are assumed to act as membranes.

«) Some preliminary computations indicate that for long, thin-walled, sandwich

N c¢ylinders that are strong in shear, the factor o€ is very close to unity.

o

o If A=\, eq. (6) is in the same form as the buckling expression of a

o long homogeneous cylinder (I=+(+)*/z for a sandwich construction).

SO 1

0 :; For the effects of finite length and tre non-membrane action of the faces

O ] on the buckling pressure of sandwich cylinders, refs. (7) and (8) may be

-~ M

N 1 consulted,
:- No experimental results are availatle to substcntiate the theory. A
o ;
“‘, (%) Buckling of Circular Cylinders Under Combined Axial Corpression, Bending l’i
A and Torsion e
B 2‘: et e A ip:.
-'3\ The buckling of isotrcpic sandwich cylinders under combined axial compression, b
SN bending and torsion loads has been investigated theoretically in ref. {9). P
S Minimizations, however, were carried out only fur the special case of sandwich lgi
R '_4_"-\\
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constructions weak in shear (large shear deformations in the core). It was
found that, for this case, the interaction equation is of the ferm

2z | N
Q) R + B+ R =) [

o
¥

where the R's are the usual stress ratios. For exaple, ¥, is the ratio of
applied axial compressive stress to the buckling axial compressive stress,
when all other stresses are absent, Since for sandwich constructions weak
in shear the buckling load is equal to the transverse shear stiffness,

I
X e ED
e

g _ T/zmel
g fe

— N
< (c+ {:3‘6&/ [

(8) 4

2 _
o met /T

e 26, /e

where

epplied torsional moment, in-1h,

applied bsnding moment, in-lb,

applied axial compressive load, 1b/in,

moment of inertia of sandwich cylinder with respect to
its diameter, .’m.h

EPN o Ratn AL

=
kR En

(F) Buckling of Conical Shells Under External Pressure

¥

e

No.work of this nature has as yet teen done for sandwich cones. Recently,
Bijlaard, ref. (10), svggested an approximats method for computing critical
pressures of homogeneous, isotropic, conical shells., The method consists

U
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83 :' essentially in replacing the cons by an equivalent cylinder of radius R
' (see fig. (2)) and a length

Sl :. (9) ( = é______"'*‘"“i)Q
SO 4. 2.2,

- : where r, L and Q are as shown in fige (2)e

o

"

b

g ! As a first approximation, the same approach may be used for sandwich cones,
It should be noted here, however, that ithe above reasoning could not be
applied to eq. (6), since that equation is for the infinitely long cylinder.
Instead, the results of ref. (8), where a finite sandwich cylinder is con-

| \ sidered, should be used.

(II) WRINNILING OF SANDWICH FACES

The wrinkling type of instability of the sandwich faces has received consider
able attention, both experimentally and theoretically. The solution that seems
most promising at the present, and one that is fairly sirple to use, is that
of Goodier and Hsw, ref (11). By assuming nonsinusoldal modes of buckling,
they were able to obtain wrirkling stresses of half the megnitude obtained

in previous investigaticns. The critical wrinkling siress in the sandwich

X ' faces is given by

(10 (T, ) = i [y e S5

[A
£ zag*c. E& s t

where B is the Young's modulus normal to the plane of the sandwich, and
the other symbols are as definsd under Notation.

Equation (10) was obtained considering a flat plate in edgewise compression,
AS an estimaté to wrinkling stresses of sandwich cylinders it will be assumed
that eq. (L0) applies to curved surfaces under compressive or torsion lcads.
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TIX) NOTATION
2 C « cors thickness, in,
: 4+ = thicknsss of one face, in,
R w» radius of cylinder to mid-plane of sandwich, in,
] E,’ = Younz's modulus of face material, p.s.i.
G, = transverse shear modulus of core, p.s.i.
V. = Poisson's ralio of face material
'; 1\-ul
(o ¢
. S = - B
! ' 2 ‘k,‘ Cer2r) G
3 :
\
' 2¢tE
. . Ha 3 <-.= Alne )
. ‘ 3 ‘{5; (crt) RG, 3Cert)
.
: Other symbols are dofined as they gppear in the report. The subscript £ is
. hers used to identily quantities associated with the faces of the s che
i (1V) REFERRICES
1, March, He 4, and Kuenzi, E. W., "Buckling of Cylinders of Sandwich Con- g
! . structica in axial Compression”, TForest Products Laboratory Report Noe %
: 1630, 1952, r;.’
3 e \‘,
2. Kemnnery J., "Posttuckling Behavior of Axially Ccxpressed Circular Cylindri- 3}
: cal Shellsh, Jeurnal of The Aevcnautical Sciences, May 195k &3
: 3, Wang, Co T. and S1livan, D, P., YSuckling of Sandsich Cylinders Under :\"'
Bending @zd Cozbined Bending and Axial Compression®, Journal of the o
Asronanbizal Sciences; July 1952. %
L, Gerard, G., "Besding Tests of Thin-Walled Sandwich Cylinders®, Journal of  [oi
the Acromaubical Sciences, September 1953. E"-!
> ‘.::‘
5« March, He W, and Xvenzi, E. W., "Buckling of Sandwich Cylinders in Torsion®, l{:.\
Forout Products Leboratory Report Noe 1840, 1§53 oo
? 6. Raville, ¥, 3., “inalysis of Long Cylinders of Sandwich Construction Under iy
i Uniform Zxtercal Lateral Pressure®, Forest Producis Laboratory Report Noe - q
i 18Lk, 195k, =
! 7. Raville, ¥, B,, "Supplemeni to Analysis of Long Cylinders of Sandwich Come :}::j
; gtruction Under Uniform External Lateral Pressurs, Facings of Moderate and Lt
Unegnal Zaicknesses", Forest Products Laboratory Repart No. 18Lli-A, 1955 L&
: v Y
; 4
] o £ A .
; WADS TR 56393, Yol I a7 o
i 15
;f i
! f}
| ¥y
¢ «.{'.c-at..-m-.t-.m—x-mmam&mmmmmm TR WL SR IR O E R oR 0y



. M T e e

T T e g e PRREI S N =ty ¥

B PN

WA VTR IT 1 - Scn R I TP S Tl o, ) SFO A

e e et ae i e e e e vae e ean s e

ot et 1 en arm

o r— 4 8 o g e Tk Ly

e r———

ot ———

)
o \:!_.'\‘.

NN

8, Raville, M. E., "Buckling of Sandwich Cylinders of Finite Length Under
Uniform External Lateral Pressure®, Forest Products Laboratory Report Nc.

184L-B, 1955,

9. Wang, C. f., Vaccaro, R. J., and De Santo, D. F., "Buckling of Sandwich
Cylinders Under Corbined Compression, Torsion, and Bending Loada®,
Journal of Applied Mechanics, Septembver 1955.

10, Bijlaard, P. P., "Criticel External Pressure of Conical Shells that are
Simply Supported at the Edges®, Bell Aircraft Corporation Report 02-941-027,

1953,

11. Goodier, J. N. and Heu, C. S., "Nonsinusoidal Buckling Modes of Sandwich
Plates®, Journal of the Aeronautical Sciences, August 1954.

NADS TR 56-393, Vol X 48

SRR SIS I L A N G R A A G G T T




s | CeAAexal )

m ; : .
o
thi S :
! ; Pl g m
! = {
; : ol i
., U e 1 E
i 4 “ [ :
“ L SRR L !
e % A od e !JH ; .
I ' {1 - m"w1 w4 ,
! ENIE A LT B Bt :
=ME s . 15 ERSE S 1) Ul
! 2 « b : el do
uE ; B I Y AR R
Jida L it NS o e Lo b
il ' i .. ! it o P
e ] m e
_H_A.Tk el R LI RS bl
| AP vag! ST e T E
.mw : _m w . : . . : j L_ : "
. ; . RIS R NSRS E B i
_ HRISR TN
o : ! : ! RIS ¢ i
“ { i N _ IR B i o :
| ; b _u_ IR b I :
e 8 e fooas - JEOLAS TN SNSRI RIPUU S mp eears -y
bt : P e v R |
I i) A Hpl o x
: N ~ Kk e ; L ; -
) e ol L. S 4 =
5 KB NS IEBIFR : x__
- i i LR N z
R i o _ : " Do 5
i T : SN T Zd
b _:" : ‘Iﬂ i o " ”d.\m
1 - [ - i . .
8 i : i : o
i NN : |- b
ﬁ 1 0 R X A
a3 .“ H _ LS «
] ) o o
5 i #
14
Ww.x o a L

SRR <3

A

A O T AL AT

L&,

RERT, ~% WS TR I ol : - Lk 4
7, --uﬂ 1 -‘. u.-...u.‘ \H .... ..... ...\.. ...-.?.‘J..-,-.—' \..l\\ i

- o AT

W

w0 ¥,



R R W R W R W

- hPAWNC PN 1P, P g P y o N it P » .
= W ] SIS | Rt TN | TR AR

T
H

)
14

g e e

URNXAY

B L B L R PERRTRY

50

Fia. 2

R Lt
y
VAPV y

WADC TR 56=333s Vol X

S Y
A

LY

’x\’:&&\

.
x'{%

el

AW

-
L ¥ W

¥
b
L
L
1
i
3
L
{
-
-

&

by
£
3

]
:

o




- X R TR e W T R, . o wb MLy T Ta ® &0
TR N ST U T Sl LIS W A G T T, S SN 4T M GRS .
YR AR A, BRRAE &; AR i oot AR YA i T et v i 2 “&m& .

2 Lo e K AR A IV -

R PO .

S

o O

A DESIGN NOTE ON HONEYCOMB SANDWICH CONSTRUCTION L
: @

by Melvin Mark . o

Raytheon Manufacturing Company F ".‘?‘i‘

Wayland, Massachusetts _ {' L E.f?t

. ) RN

A common radome material is the plastic sandwich type structure com- F
posed of two faces or skins of dense material separated by and bonded to a

honeycomb core (see Figure 1). The question often arises of how to calculate E: J

the elastic and thermal properties of such a section. Simple methcds fox . t\i

estimating the moment of inertia of a sandwich beam, its associated modulus 2 s}'

) of elasticity, and the thermal conductivity valne should bs very useful in pre- S
liminary design work. . ' _ :"f

Elastic Beam Properties 5-‘

-

. - ',

Counsider first tae problem of estimi‘ing the moment of inertia and the oy

! associaced modulus of clasticity for a sand--.ch beam construction. A first : h
l approximatior would be to assume only the skins ceatribute to the moment of B

inertia, that they are held apart a distance equal to the core thickness, and :
that they develop their full modulus of elasticity. To check this simplified 3
aralysii, four sample sandwich materials with different skin and core thick- i

L AT

. nesses were tested as Leams and their deflections measured under load. '

, ry
The four sample beams were of constant cross section, simply sup-

port:d. with a concentrated load applied at the center of the cpan. For these _ (0
conditions, the ratic of load W {0 mid-spaa deflection d can be written “nS f
(Reference 1) \ g

O

W_48Ebte ¢ | v |

d - L3 2 \ t el

where E is the modulus of elasticity of the skin material, L is the span length ]
of {ae beam, and the other symbols are de¢fined a8 shown in Figure 1. The %
sample bsams were five inches wide with thirty inches becween supports; skin t
and core thickneoses were as given in Table I. The skin material was made
of combinations of 181 and 113 glass fabric with 114 finish, impregnated with
polyester resin {Selectron 5003). The core wag 1/4 inch cell size polyester
fiberglass honeycomb with a density of approximately eigat pounds per cubic
foot. The skina were bonded to the core with polyester resin, All samples
were cured at room temperature, A flexural modulus of elasticity of 3.4 x

105 psi (obtained by experimental measurement) was used for the skin
rmaterial,
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For each sample beam,mid-span deflections were ireasurad with a dial
indicator over a range of loads from three to thirty pounds. A plot of load
versus deflection could then be made and the slope (load-deflection ratio) de-
termined for each sample. These plots were linsar for att samples with datz
gcatter less than 5 percent. A comparison of the results of the calculations
using equation ‘1) and the test measurements are given in Table I.

Table I illustrates that the simplified approach of calculating the
moment of inertia for a sandwich beam by neglecting the core and assuming
the skins develop their full modulus of elasticity gives answers that are with-
in 10 percent of the measured results. This simplified analysis should be
applicable to all long sandwich type beams in bending where the skin thickness
is small {t <1/5 c) compared t> the thickness of the core and where the core
is sufficiently strong in shear to prevent ceollapsing of the two skins.

Thermal Conductivity

) An expression for the equivalent thermal conductivity k of 2 sandwich
honeycomb such as shown in Figure 1 can be written

(2t +c) 2

-
-

kK,

54

+ (2)

Ol—

whera k, ia the thermal conductivity of the skin material, C is the conduct-
ance associated with the core, and the other symbols are ae previously de-
fined. If C in equation (2) is considered to be made up of ccanduction through
the solid part of the honeycomD ind convect’on through the air cell of the
honeycomb, the following can be written:

k
¢ g2 | (3)
2 [

.

where h is the film coefficient for the honeycomb air cell, kc‘ is the thermal
conductivity of the core material, and x is that fraction >f the core area that.
is air.

The first terra in equation (3) represents the heat transfer throug ' the
air cell. When such an air space formas part of @ wall construction, an
>dditional resistance to heat flow is introduced at each added surface. Be-
cause of the differcnce in temperature on the two sides of the air space,
some degree of air movement is get up within the space unless the space is
unusually narrow. Heat is transferred across the space by convection
currents and by radiation, Theé resistance of the air space ig, therefore,

L.
LA

)
L4

ialadde

alel @
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; % . approximately the sum of the two individual surface resistances.h, or 2/k. ey ‘
Consequently, the term xh/2 appears in cquation (3) for tnat fraction of core !%“'-_"

1 area that is air. t"""“

% ) The value to use for h in equation (3) could be expected to lie between &r;::

two limiting values. Tke lower limit would be the h value equivalent to the

: conductivity of an air space equal to the core thickness, The upper limit

] would be the equivalent value obtained for an air space infinite in two di- 5

' mensions, but of thickness equal to the core thickness (reference 2). The - :E\-:c
true value for the h would be greater than the value for the lower limit as ;
air movement is present, yet less than the upper limit since the air space

! is of finite dimensions. Consequently, an average value of the two limits
appears reasonable for an approximate answer.

An experimental determination was made® of the thermal conductivity
for two honeycomb sandwich samples. The samples had . 034 inch skins
. made of combinations of 181 and 112 glass fabric with Gaian finish, im-
pregnated with polyester resin (BRS 142). Sample A had a four-pound per
cubic foot nylon phenolic honeycomb core , 309 inches thick, sample B a six-
pound per cubic foot CTL (glass fabric) phenolic honeycomb core .311 inches
thick. Both cores had 1/4 inch cell size honeycomb and were bonded to the
skins with epoxy resin. The thermal conductivity of the skin material k,
. was taken as'2 BTU /ar-8q.ft. -°F/in., the value for the core material k. ,
1.5 BTU/hr-sq.ft, ~*F/in. The cross sectional core area for sample A was
34,5 percent air, 5.5 percent solid material; for sample B, 93.5 percent air,
5.5 percent solid. Substituting in equations (2) and (3), the values shown in
Table II are obtained; the experimentally measured values are given also.

Since the thermal conductivity values used for the skin material and
core were approximate values (+ 15 percent) and the value for h.is an approx-
imation, as explained, the excellent agreement shown in Table II should not
at present be taken as an iadication of the accuracy of the method. However,
it does subsatantiate the method as a good approximation, the accuracy of
which can be fully established when more experimental evidence is available,
Morcover, from Tables I and II it can be seen both the k approximation and
that for the elastic beam properties are of sufficient accuracy for preliminary
design work when honeycomb sandwich construction is employed.

# Usihg standard apparatus at the Massachusetts Institute of Technology.

) ADC TR 56-393, Vol I 53

P

1Y . “ - . e . -
ALRER - » A L] " R XLl n o v u - >
. "4 \‘J‘I.}l\.:\k:.,):‘ l‘} n‘.\u\:‘n':‘}:f}:‘)} .'}.)\1:}\:.\‘?‘_&}3&5:;1‘ Y ¥



e T L A IR L R 5 e e I N TR SRR SIaLE - P
Tl LT AR L MR P Yy IS PR B
(TS WY ORI UYL, 4 T SR TIC FE S T8 iR ”

References

' 1. Mark, M., "Moments of Inertia and Defiectian of Plastic Sandwich
Beams", Modern Flastics, Vol. 32, No. 7, 1955, p. 146.

2.. Rowley, F. B. and Algren, A. B., "Thermal Resistance of Air Spaces",
A.S.H.V. E, Transactions, Vol. 35, 1929, p. 165,

i £ Mg o, s e ek e e ¢ b b A S ¢ 1

WS e

S
s s

.

t .l.'"

] WADG TR 56-393+ Vol I 54

¢

B

‘e - et ettt T RN Lt Y et PRI
A .\ij\;».; A “.‘\- \J._\'. 1‘.'4\..\(.‘4“; Lt gi..ufp.':h’:hiﬁ.x"; L'.,'L'-Alhi\..' ¥




5“ RS s aal
- —_— e - Semm e
b i)
5 ra el
; ey
&
N TABLE1 . o
Y A
: : ] Thickness, in, Load - Deflection Ratio, Ibfin. 0¥
- Sample Coze Skin Measured Calculated ;-&
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: o. 00 - - . :}::*:ii
: m 0.275 0.014 17.4 17.5 N
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) TABLE I
Thermal Conductivity, k,
Temperature | BTU/hr. -sq.ft.-*F per inch
Sample °F Measured Calculated
A 61°F 0.463 0.45
A 114°F ~ 0.486 0.50
A 150°F 0.509 0.53
B 63°F 0.493 0.46
B 107°F 0.512 0.51 -
B 140°F 0.538 0.54 o
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PHOTOGRAPHS OF SOME EFFECTS ON PAIN DROR®

‘ 07 SHOCK WAVZS PRODUCED BY £0-CALIEER

AND 2030 PROJECTILES

Y. C. P, Seidl
BUBIDN} AIRPLAVE COMPANT

T. Abatract

Projsctiles from a 60-caliber and & 0-xm gun were fired through simulated
rain drops of diamaters 1.7 2 0,32m, The projsctils velocities were
veried from 1900 £/506 to L0 f£4/sco and in cartala ceses ths intsnsities
of tho bow shook wavea counld bu estimated. Kotlon-picturs sequences of
tha intoractions of ths projsctilsa ard raln drops were tekwn by a Fastax
high-znced camara satup. Tines botusen puccessive photograrhs were ape
proxizataly 150 vioressconis, Tho impacts of the low ghock waves wore
geon $0 Jjor and distord tis rain drops which 2lways bioks up soms 600 to
LOCO microszconds latare. T times required for breakep seemsd to dspard

{- vpon th9 phoek wave intsncity, In c2zen roquiring diraa of the ordsr of
4000 micregeconds, Hlasts of dsheis and gassous explosion products from
ton gun russls may have contributod to the brealmpe

II, Intreduciion

¥ihils evalusting tho poreblon of the rain erosion of radomes and leading
edz3s of a rupidrsonic alrcrafl, tha follewins guostion ayosa: ¥hat happens
16 a typical vain drop wban strusk by tho bow shock wave gararatad by ths
noca of & suparsoric aixerafi or bty a prong extonding oub shkoad of the
nosa?  Tho osperdeant doscrimed heorein waa dosigmad in an attempd to answer
this qussilon,

IIT. Bsmosizintal Mothod

A slrpls expyilencs for emmining -+ offactas of shack waves on rain drops
wag to piotogrenh progyeniivaly bk ‘tn of a projestile and its ossocecli-
ated ok.ck waves through aimeladad ».. .. Th3 procduction of rain Gups of
any dosired glss wos mazely a ratter of chensing a proper orifice from
wijeh wator eould fall, Th3 intan3ity of th» bow shock waves could to con=
trolled by vorying ths speed ol thy projostils and by shape of its nose,
A bigr-gpand Fratax poblon-picinre ermara (S22 Raforence 1) wes availobla
for protezpaphivg the radn drong bufore and afler irnact with a bow shook
vaTde  Unfortuaatoly, thy eivsra was vot suffislewtly fost to stop the
rotlon of the projsctiles uid to dafins the shock frombs; although the
prosence of thhue can ba rsscgalacd by thair blurred imnges.
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Tie projectiles ware firsd from aither @ G0-caliber or 20-mm gun through
ths rain drops into a revetment (see Figure 1), For mszsuring projectils
spoads twn scresns wers situsted soma 8 f4 beyoud the proint of inter-
pection of the rain-diop strean end the 1ins of fire. Fich gorcen was a
otie=foot square toodsn Irexa stivny with fies copper wires which had to
be replaced after each shote The tirs requived for eash projectils to
traverss the distanco bteivcen the succassiva screens wes measured by a
crystal-comtrolled chronamator.

Ths optical systenm (ese Figure 2) consisted of the following elonents
pounted in & linzs (3) A zirconiua low~voltege are light (Sylvania €-110)
located 60 inchos frox a first collicating lens, (2) A pair of 6-inch
dismator converging lerses mounted 30 inches apavt end (3) A 1S-zna Featex
high-spoed cazara (see Fafererce 1) situated 60 inches from the esoond
loras. Tha avc was al tma focus of the first Jons which formed a rogion of
collimatad Ushde Thy gscomd 1ar3 eollscted this light and focused it om
tha comrata iris dicshroga which sea g9t &b £/22, Tho rein £211 through
tha roglen of eollimninl light kotvoon tia o lenses, Eoth ths drops and
ths projoetiles appoarcd on tve photogrepls &3 shadeus, Ackeally, the
grop3 wara davk bacauca thoy refrsctod light out of the cszoras. On the
othar hond, ths projertilss formsd {vun shadovs by intsrespling the light.
Eovoovar, ths photegr 724 aizng of tho rain drops azd the projectiles
wore incapandant of th:iz diztansss from the camara.

¢ e

Th3 Foatax co~ara {gos O3 :
Tra phutior acbion win prod bty & hizh-spesd retadting parallol-gidsd
rrieme Thy Iabter vwis oniend by gears with Ho movirg film. Hlaciris
porer for opovatiny th: coria wes obbainsd fren a boostor oircuit (ace
Redfaronces L evd 2)s Inordor %o goln a 3opid acoalsration of totk the
rotating pedom and the £ida xooly U0y boosisy -oivsadd cuppllad pover 8%

0 wolls fur tho A Yizoeonr?2 of eparction, ob 250 wolis dweiny
the tocord X0 Rllidazocs’s and b 200 voliz Sor b3 remadndir of & run.

In gypieal oparablen orly Yoo final £0 food of & 1C0-food sl of £1ln was
rovirg et v nownbmra 07ood of 80C0 feerna par sesord,  The esnosure tizs
ves equal o 4 ool 21 of Uy produnt of the mhor of fyerag pr
cocond ond 5.6, Tha 3 of tho grn wom olmnya d3loyed 0.6 cacends

alftor sbordlny the corzya in oxdar o «llew 1% to enmroach £)d -mriod,
Flaailys Supez X 38-rm: €120 or ity equivaland wes vosd ia 211 rui.
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Tha crddfledal rain drois ward producad by thae broskup of a fire gireca

of water erorging fren o sirgle 0,0359=3nch Fole Srillad ab 9w end of a
Foo vhich was Joirnd to 2 Z0-o:llen Qewty Th2 ladter wos saprortad so
t‘n*.t.i'-k.e Q.O}S»-;‘.r&c‘a FaL w3 30 L29% directly elow Ny poind ¢f inkere
gaction of thy Ling of Zir3 and thay opiical sxiz of tho cersras. Ia falling
15 atrara broly 1 dnta elgnmshorad 0lvga of atar, oneh of uiich forasd
1uto o sphordes) drop,  Uald Tred ond Shy welation Lavinon droplad die
::t-::'ta;) sl ordfled ddarater hos buoa oxplainad by lord Rayloiza (soe Rafore
[ACY .

‘s

w——

The water strody and deenlaty £oll thwough o B-inch tubs vhich actod as a
wird shield, Tho slmvlzied oadn uppearad en ho rhotozrapha o gpnardcald
drops about L7 & 003 ma & diswator (e Tebly X)e & intication of ths
Porizontal sad wirdical sigicablons Loduscn <rosd can b2 goun in v prots-
geanhe. Usualldy, 6 dovgs landad within a borduwootal clrels of 2-inca
disotyre Iy runairg e fila thoough a wobloa~picinra pro lactor, the
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larger drops were seen to fall faster than the sazller ones, as was
expectad, ~

Threa t pes of projectiles wore used; see Figure 3. Mo of the three tspes
: . ware fired in an unrifled 60-caliber gun, The lack of spin permitted tissa
3 projectiles to tumble; however, as may be ssen from the photographs, when
i the projectile was tyraversing the rain, the tumbling had not yst becoms
appreciadls. Of the 60-caliber projsctilss, ons type was a right circular
' eylindar of dismater 0,599 inchss and =2 Sns-inch length, the other type
1 had a conicsl nose of 60® full apux argls. Tha £0-Cagres coms was chosenr
] bacause datz were svailabla on the shock fyonis producvd by such projectiles.
Tha third type of projectile was froz a sladard O-xm sheil. Thn 20w -
projactiles were riflsd but this did nct seea $0 modify appreciably their
bow shock wavasy for photcgraphs of 2-pound spinning projectiles in motion
8ce Refsroncs ks '

V. Eyrorimontal Proceduve

; -" Fach firing of a projectils through sizmiznted rain was carried out accerde
-\,\.‘_\: irg to the fcllowing programe '
s (1) The Fasiax camera was loadsd with 100 fest of Super XX 16-mn film.

(2) Tt btserdrgs of tia rotabing parts of tho camsra were lubricated
© with spocial oil,

(3) Tis light gourss and the chremsgreph ware turnad one
(4) T eizuleted rain wes alilowsd to falle

(5) T'» cavara was started simulienwovsly with a time~delay devlcs,
which toms 0.6 seconds later, fired the gum.

(6) 7Tha resdiny of the chrenvmster wea recorded and this we3 the time
reudved for ths projectils to traverss the tan feet Latween ths
¥IEIIN BOrEDn. '

{ Ve * Rosylts
}

; Tizalyeons pitlion-pisture nequances wore obtained esch chowing tho effucts
! of firdiry arwojactils through sirmlated rain. OF thess, ten vore talsn

' of §0-callilir conicel-naga prejoctiles whose spseds ranzed from 2460 fi/2s0
| to L0850 6022 Olx of 40 ohots were with £0-am projaciiles which travel-
| led ob #2350 £ L0 ftfssce Fivo atots were mads uwaing bluff cylindrical

i 60-calitar oriindors travelling &bout 1900 £ 100 ft sscy chronologically,
these woro o firsh shots fized, Dub tlrsy are mentionzd last becuass

! tholy smsed Sisruromants were unsatlafaciory. Finally, one saquence was

g takan of a eonlcal-rogs projoctils fired without any rain. Racause of an

; improved geinz, there vig loss horizental syreading of the rain drops in

i the shots u3ing the conical-voss projectiles and the 20~-ma awranition.
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Al projectiles were fired at supersonic speeds and any rain drop not
baving experianced a direct impact with a projectile was svbject to a
series of effects as followas

(1) Impact of the bow shock wave that originatsd from the region mar
the nose of the supersomis projectile.

(2) The Prandtl-Msyer expansion wares tha% arcse mainiy from the
shoulder region of the projectils.

(3) Impaocts froa secondary shock waves which originated from the rear
of the projsctils and from its turtulent vake.

(4) The dabris and gases from the propelling explosion ca=e last,

Tha strongth of the bow shock wave csn be estizated for the conical-rose
projsetilss (cee Tabla IT). Tha othsr effects were relatively woak except
for ths dobris and gases from the propelling blast. ks place of entry
of this la2st offect could be ssen in the photographks under considsration.

The rosulis ¥ilch ware ovidont from the motion-piclure soquences aye piven
balcye

(1) Eo-hove was thore evidonss that rain drops were immdiately kroken
uD 07 L ILMistd of Bho bod Bhatk vavod. hpparencly tiors kare
ovoral Celgd Laorad, warcesd 4 aircey Jub with a projoctile, rain
drope waro instently brolkon vp inko a fins spray. Dark swudges
or dark clouda 3a cordain pistures cen bo explained &3 dus to the
refrasiion offecte of a great many tiny liquid dmoplets and not
b7 rogicns of high wator wepor contant o2 of poseibls air-donsity
chrges (see Ssction W) C)e

(2) TE2 rain dyor3 wore jarred end irsdiatoly drforcad by 8 bow ghock
Vidde LN DLNY IN9TACOH L2 €077 L2OMD UD Loxors s bleld of
C2urdS end LOI0g astn LI £ 1303 GOONY BYe  TRI A rocaived
IC3 cion LivdEa) CuT nonl USon %ol o3 N of $E9 BLoCK Wat3,
TSR3 Tolor Lo03 Ghon Goote CLU Tasvolis0sn) (1708)s  Loopd
TUPeRal City 119a w3 Jin? of 1403 wook longer ve oreak upe Thoss
dreps vhich wore situated clocsed to the line of fire of the bluff- -
zosg cylindrical projoctiles broke up first (s.ge, 600 pesc in
et 19)3 kere each of tho bluffersze projectilss produced a
otyrery local ho sheck which msy bavo bean gtiongyr in ihs vicine
ity of th? rogy thon for othir types of projestiles, bub whosze

o
G iR

Intenyity coztainly fell off more rapidly with digtuancs from the oAy

liny of firv, RO

LR LY

ROARE

(3) It was found that tho erposure tira3 ware 20 to 27 psec and the ’.»:;.,»-:'Z_\ A
TIRA0 LI00030 Guecanilvy L. 18 Lard 1D %0 L0 Rivly 1o 0Xp0g= NS

gus vires and the 1siar-Irons pericds wore calculasizsd from (a)
Blurs in the images of projectiles and their associsted shock
fronts, and (b) The change in projactile positions tetwean gucces-
sive frames. The operation of the camera waas such that ths inter-
frone period was equal to 5.8 timea the exposure tirs,
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TABLE I CHARACTERISTICS OF NATURALLY OCCURRING FRECIPITATION®

(Afx Density as at 0°C and 740 mm Press.)

Telocity Milligrans Oreins of
: of Fall of liquid Liquid
trecipitation Droplat Rates water per Water per
Popular Intenait Disn, Moters cu xeter cu £% of
Naras mn/pbr  in/hr e per sec. of air air
Clear 0,00 - - .- - .- 0.0 - - r »
Pog Trice ~ - ) § 0,003 6.0 0.002
Mist 0005 0,002 0.10 0025 55-5 0.0&
‘ Drissle 0,25 0.01 0.2 0.75 92.6 0.0k
Light . AN
Rain 1.00 OQOh (4 8 hs 2.00 1” 9 .06 i )
Moderate e
Rain L.00  0.16 1.0 Leo0 2(1.8 0,12 %
LEN
Hsavy - s i?:
( Rain 15.00  0.59 1.5 5+00 833.3 04365 e
: o A Excesaive ::ﬁ
¥ Cious- g
burst 100 L.0 3.0 7400 1000 1.75 -
to to to to e
. 10C0 0.0 35000 15.30 -33
N A
- o
'y # Fo Ao Barry, Jr., B. Bollsy and N. R. Beers, Handbock of Meteorology, McGrew ﬂ
{ HL1) (29U5). }_0
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TABLE IX SHOCK-FRONT ANGLES AND FRESSURE STEPS IN THE CASB OF 60-DEORER

APEX ANGLE CONES FIRED AT VARIOUS SPEEDS

,-_
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M
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3

"

Shot Projeotils Kachk Angle betwesn coaical Pressure ratio acrosy
Kurber Spoed Bumber  part of bow shock the trus conical pard;
i front & line of firew of tks shock frontas
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# Cf. Fig. 11, p. k67, J. Y. Maccoll, Proc, Roy. Soc. 4; vol. 159, p. b59
(spril 1937).

I

1a¥

-

salntorpolatsd from the results of Tabls XX, p. 235, G. I. Taylor and J. We
Maccoll, Proc. Roy. Sace A, vole 139, p. 278 (Fsd. 1933).
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(1) Mot later than 2500 to LOOD after the passage of a octile
the rain drops aivays had EmEn wp 17 TnI?.EaIIy thoy were %ﬁﬂi
- m chas of © of firs st the mowent of Iiring,
re 8 ware clustered about 2500 pasc 1n
cages of 20-mm shots and were pearer to 4000 psec for 60-caliber
) conical-nose projectiles. Howswer, befon the elapsa of 1000 psec
the drops had been overtaken by the blast of gaseous explosion
products and thsre was some queation as to the contribution of
the latter to the breakup,

VI. Discussion
A. Shock Waves Produced by the Projectiles

The thces types of projJectiles were fired st supersoric speeds and any
projectils travelling through air faster than ths speed of sowmd pro-
duces a bow shock wove (see Reference 5), Ths surfscs of this shook
wave 1is epproximately conical and syxoetric xelative to the line of
fire., Ths spox of the cona lies near the nose of the projoctils and
nay be eithar just a little ahend of ths mose or attachad to it dapande
ing upon both ths shapa of ths latiar and the radio of rrojactils spsed
to tks spoed of mound. The forward-=ost portion of the shock wave is

i its apex;y from horo ths shock fromt tards back away from the direction of
motion. Ia fact, tho faster the projectile is roving, the mors acutely
its ahock frond bends backe

Tho sdock wave saparates ons region of sonatant pressure, P, cansity

- and air valocity lyirg choad of it frea ezethor rogion of relatively
constand presstre, Py, density and air velecity lying tehind., Ta the
ca5o3 which convarn the projsctiles firved agatrst rain, the tidcknosses
of tha trensition rogions wore of the orcer of 1073 to 10~k 1 (ese
Reforencss 6 and 7)5 1.9., the ebngk<usvs thickrocson wore xusch less
than the diameters of natuwrslly occurring rain dxops (sse Table I).

-0f tha three typss of projoctiles, the bluff-mse ¢ylindrical onzs
produced tow shock waves which wore the most intewsa (1.0., Fy/F, was
lergest) in roziona very close to the rose; but in tuess cased the
intansities foll off wove rapidly with distance &gy froa the Mim of
fire (ses Refercncs 8)s On ihe other hond, mosd wes kickm aboud the |
intensities of tha shock waves producad by tha conlcnlenose projsctilesy
valuws ere given in Tsblo IT for toth ths prassure chanzo across a bow
ghock froxt and its inclination s a function v projsetila zpsed.
Tioee walvsa are good for regioms zesr the nose and had been obtainsd
thaoretically and had besn chosked by mesurexints (::39 Roferonces 9
and 19). Finrally, the 20«zma projsctilss wore availsble fow firing end
offered a varistion of type of bow shoek which might bto pore ceuparable
to that foncad by the noza of & superacnic airersft,

In the cass of actual projectiles (sse Refevences 8§ and 11), the prege
surs ratio By /P, alvavs tends to £51) off with increasing distance
from the flow axis (1.0., the 1ims of Mra), In particulal it wes
found that (see Rafurence 11), for a 60° conicalemoua projectils, the
rracaure ratio Py /P, 7alls to roughly 0.7 of the valuss given in
Tebls IT at a polnt distant acme LR from the flow uxis; R denotas the
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A crosv-ssctisnal radius of the projectile, A decrease in sieps of the -
S ghook front relative o the direction of motion i» snother manifestation
3 of the decrease in shock intensity with inoreased distance away from the
B flow exis. In the caze of a full 60° conical-nose projectile, the dee

] oreass in shock slops is gradual end coes not becoms very appreciable

3 at regions clossr than LR to the flow axis (ses Raferences ¥ axt 11),

i

‘; Shadsw shsicgrarhs of projectiles and their shock waves have been taken
] by tbs Ballistic Research Laboratory, Aberdeen, Md. One such photoe
graph shows the shock waves produced by a 155-xm projectile travelling
at a spead of Moch 2.479 (ovee Rofersnces 12) and very little cecreass

in tha slopo of the bow shook front is evident cut to 8R. However,
this photograph 15 not dirmetly applicabls to thoss projsctilos which
yare firad through the rain drops lLscuass it shows a pore “stresmlineds
projectila and the matuxe of flov ground a supersonic projactile is
gsuch thal eny abrupt changes in siaps oreato cocondary offects which
cauga tha bow shock wave to fall off more rapidly.

B. Poriod of Sxall Surfacs-Tonsion Ozsillations

The thoery of smsll swiaca-tension oscillations of a liquid drop adout
8 gphorizal fora bas boon werkad cut by Lerd Rsyleigh (sso Reforents 13)e
The chzze of tha surface of tha osei’lating Arop can be exmosssd €8 &
suporpezliilon of goweral horconicelly $imoedapandpab daformations esch
chavacteriesd by a particular logorndre polynonial. tto moot dmporiant
0y of czeillstion ocours for the Lagendrs polyzomial of oxdsr n B g3
this x2an3 that tho drop sonfigursticn ovcilladey botwson a dumbiall
whape 22d a {labttend sphore, vhore the flallssed reglons aro elightly
congate Valuss of ths poriod of oscilladion for o ® 2 are &% out in
T=bls 111, )

7.2 TIT  SIULL SURPACE-YRISION OSCILLATIONS

v ——

i
| Toried of
Tismatnr of Cacillstion
¥ilar Drop kY
A poec
10 2500
‘ 1,5 5300
« 2.0 6200

! Tt 14 intaresting to mots thak tue abaorved tires between a typieal

| Iozach of a bov shosk waws with o zailn dvop end Gxop broa'mp are of the

i - ooy masitadeg 23 tho Wiy vequired by & sall curless-ozeillation

i o ochars3 @ sphsre into eithox thy aldshildy d?::-:.".;‘all-t;rps configuration

i or indo & flationad 9phores 1.0s, for wator dvopd whoro siwns ars the
8503 23 1n tho olmvlated radn, (/1)1 equsls 20600 puse to L0OOO pioc,

! Forvovar, in curtaln mabion-pleture scquences rain drops having been

ghruck T7 a tou shock wava appeered to grow imto flattensd spheves and

ultiaately into A ngort of doughnub-sheped.objsots before breoldeg upe
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In at 1sast one case (ses shot No. X)), & drop of rain having absorbed
enargy from the impact of a shock wavs changed into a dumbbell shape
bafors breaking up., Howsver, sincs the theory of surfecs-tension
oscillations only sppliss to small oscillations, it cannot be concluded
without furthsr comsideration that the shook-wave impacts excited sur-
face oscillatfons im the rain drops and that these oscillations were

of sufficiont amplitudes to breal up the drops.

The tixs of transit of a compression wave through ths body of a typi-
cal rain drop should have been :

(1.7 mm)/v = 1,2 psao, ‘
whare v danotes tha velocity of sound in 1iquid water (v = 4750 f£t/sec).
The fact that thy dwop breckwp times were soms thousands of tines
greator than 1.2 psec i3 further evidance that the breakup mechaniea
is related to a surfooe effsct,

Cs Interpretation of Bark Clouds on Sows Pictures

Iz cortain photograrks a dark cloud suddanly appaared and 2lowly
digsipated. OSuch cleuds alusys formed adjscent to the blurred image
of & projsetile ard in a reglon which previously hed contaimd a rain
drop. In all cases it wes posaible to escociate ths formation of ons
ol thass clonds with a direct impoct of a projectils and & rain drope
Howsver, ths tremalorpation of a rain drop of 1.7-zm dicmtiar into a
clovd a3 hundrods of tiimes larjer in area was swprising and, con-
soqueatly, 6429 oxplansiion wes sought.

Suppozs that in the opileal sstup dspicted im Flgure 2, tirro was a
1lozel ancpaly in tbs refrastive indsx throughout gome. regicn of the
oxdar of a cubic irch in elge and which was iocated sozsvaze Wetween

3 o eollinnling lerros. Iet the anymalews rofreobive irdsx be domoted

by n +40 conpored 10 an indox equal to n everyuhore elss. Light whish
rassad in and oud of thw arx:alews zeglon weuld bs refrestad so that

it eo donzor would Do brovohh $o & fosuz ab tha couder of i irds
dicplresm of thy cmxara. Aceonding to ths lavs of rofrasilon, it can be
shown thab the light wideh poczad throvzh the arsmalevs rezion would

be focurzad on & point that is ot o ddstency § froa the eoptical suxds

¢ the cemsra. The magnituls of & is given by the following relations

S(inchza)w 60 6
€8 (Anfa) tean g

hare ¢f denotos tho aumzls boimwen the incidont ray and & mowual to the
curfaco of the anxx:lsus regions I tho dierater of the exara gpec-
turo w2re 0.l inshag, <ion a valvs of An equal to or greatsr then
(0,05/60) cot @ = 0,000333 cot ¥ would be mocessary to roflect light
out ol ths camora.

The differsnse batsen the refractive indsx of watsr and air is 04333,
Sirce this is toe oguivalent An for a rain cwep, the latisr would
rafract Light oub of the camora for all engles of incicecca down to

g = aro cot {0.333/0.0C0833) ® 0,1° and this effect must have been
regponsibls fox making the vain <rops appsar as littls dark cirelea,
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On the other hand, water vapor hss & refrsctive I{ndex of 1,00025

conpared to o * 1.00029 for air., In order for vater vaper to reiract

1ight out of the camsra, the folloiing relation must be satisfied:
60 x (1,00029 = 1,00025) tan # 2 0,05 inches
87 < # < 90°%

Physioally this msans that, aven if a region were to be 100% water,

L1

only a portion of its poriphsry corresponding to 67° < # < 90° would

be able to refract light out of the camsra,

Thus, the dark clouds which appaared on certain photographs must bde

dus to 2izsabls variations in rafractive indax guch 88 ¢an be attributed

to liquid watar itsalf. Conszequently, those clouds are indicatioas

that a rain dron i3 atealced into liquid spray by impect with & super-

gorde piojactila,
Aclmowlodgeant
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THREE DIMENSIONAL ERROR PRELICTION

George M, Hahkn and Edmund J. Pinney*
Dalmo Victor Company, San Carlos, California

INTRODUCTION

In a previous paperl presented by members of this organization, a number
of methods for theoretically predicting the change in boresight due to the
presence of the radome were described. One of the methods, referred to
in the reference a3 "Scattering Technique", will be discussed in some
detail in the present paper. -

The basic.idea of this methcd is to regard the radorae as a perturbation
source, deterrnine the electromagnetic fields due to this source and then
combine them with the fields due to the antenna without the presence of the
radome. It is then possible to determine the boresight shift by comparmg
the two field configurations. The electromagnetic formulation is of

necessity fully three-diinensional; none of the usual optic or plane wave
approximations are made, and flat panel transmission and reflection coefiici-
ents ave not errployed.

DERIVATION OF THE BASIC INTEGRAL EQUATION

Maxwell's Equations for electromagnetic fields in a dielectric of volume V,

and whose time variation is of the form ¢~ 1®%, ara:

5=€_E . §=,u.l-:l

vX E‘?w}pﬁ=o vxﬁ+,‘,a:s.-§=0 (1)

v-E=0 v-H=0
where 2ll symbols have their usual meaning.

Similar equations hold in free space, if € and & are replaced by &, and
AL, vespectively,

According to Stratton2, the electromagnetic fields in this problem are the
same as those that would be generated if no dielectric were present at all,
but instead a distribution of virtual currents and charges, LetJ be the
virtual current distribution inside ¥V, d_the virtual surface chargeon S,
the surface bounding the volume V and K the virtual surfa.ce current distri-
bution on S, Here

2,

Department of Mathematics, University of California, Berkeley, Calif,

Damonte, Hahn and Gunter, "Errov Prediction Methods", Proceedings of
the Radome Symnosium, Vol Ul, June 1955

J. A, Stratton, "Electromagnetic Theory", McGraw Hill Co.; 1941
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while " and K are determined from the boundary conditions on S. The
scalar and vector potentials can then be written:

N ¢ etk
pptP)= —4—{ S(@ Sr— oS

(3)

f

e 7 - tﬁ,R — gﬁo&. | '
By (P12, |, TQ S dVeee, § KUQ) G &6

L PPN it

where P and Q represent field and source points respectively and

“#p = Wrfagts’ | (4)

The subscript g indicates that we are referrixig to the perturbation fields;
these can be calculated from the perturbation potentials in the usval maunner,

R

.
2

o5,

For the case &Ifl,, One finds for the electric field:

- F aC = o oi*eR = an eftoR ]
Ep(P)- (oo 825, EQ G av- fRE@eslsas @

23

,"..‘
., 4,

f..'.

e

with K= y&o , E (@) the total electric field, and N the outward
normal to' S . Equation (5) is an integral equation relating the perturbation
fields to the antenna fields and the physical properties of the radome.

Since E(QY=E(Q) + E, (Q)the equation must be useq for two separate

ATy a2,

P

, calculations;
){ a) detemmination of E (Q), i. e. the effect of the presence of the
A radome on the field in the v~lume occupied by the radome itsel,
IR HIRY
’2‘\' b) calculation of EP ( P) , i. e, the far field effects of the perturbation
¥ sources,
“::- For the latter calculation, the follnwing approximation is usually made:
‘.f: A hread
Let Q be some convenient origin in or near V ard let 2/nr be the vector
:.:. from O to P, m being a unit vector, I ? denctes the vector from & to
o the point of integration, @ , then:

i
.

R=r-?ﬁ-'q‘+ O (k) {6)

WADG TR 56393, Vol I 8y
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Retaining only the first two terms, equation (5) reduces to:
v ' / k” — -, - g
e P~k mx (B @t T ay)

TECHNIQUES OF SOLVING THE INTEGRAL EQUATION

It is clear that one cannot hope to obtain solutions in closed form to
equation (5) or t{o equation (7). The staxting data are the measured fields

( Eo) in numerical form, While it would be possible to fit these data in
some polynomial approximation, the complicated geometry of most radomes
would still prevent one from exactly solving the equations,

Numerical methods must therefore be resorted to, and three different
inethods were considered by the authors,

a) The Grid Method;

Suppose Fp(P) denotes an approximation to Eg (P)then
F{P) =EOP + FP(P) is an approximation to E (P)
It is then possible to define an error term

= =¥
e+f, R(®-R" (@) aV ®
where the R’9 are defined in such a manner that they vanish when

F(P)= E(P) + The radome volume is now covered by a
grid of N peints sufficiently close together; the approximation
Fp (P) is assumed as duc to contributica from the N points:

— N
Fp(P)=2 a, T (P)

{9)
The error term then becomes
N N X
ex 2 &, Ra °‘m°'r:3 5 (10)
which is minimized by equating the '5'0%'- and -75;?—7— to

zoro for n=f-+«N | This gives N iinea? equations in'the N complex
QLy'8 ; solving these the results are then substituted into {9) and
E ¢ (p) is obtained,

b) Stationary Phase Approximation

The method to be outlincd here depends on the fact that the ianteg: ala
in the gént&gral equation have integrands involving the product of
2°?%" and the internal electric field. Now if the internxl

4R
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electric field behaves locally like a plane wave, it contains a
factor e/ ¥ | where X is the coordinate in the direction of
the wave. The two exponential factors are respcnsible for the
change in phase as the point of mtegratxon moves abaut in the
dielectric shell,

Now consider a straight line drawn outward from the point of
observation R*O. Suppose for simplicity that X=O  when R=0..
Then on this line the zatio ® remains constant, and the
exponentiil argument toxé Ay increases linearly as R in-
creases. However on scme {mes the factor of proporticnality

is zero, so the phase remains constant. These are all the lines
lying on a cone (which might be called the *'cone of stationary
phase") with axic parallel to the direction of propagation of the
intarior electric field, and elements inclined to the axia at an
angle equal to the compliment of the critical angle for the dielactric,
On one side of this cone the phase increases as R increases, and.
on the other side the phase decreascs as R increanes. The
contributions to the integral from the region near the cone add
together and reinforce each other., The contributions from the
region well away from the cone have a tendency toward mutual
cancellation,

The idea then is to approximate the dielectric sheet locally by

a flat sheet which fits as closely as possible to the curve of
intersection of the cone of stationary phase and the surface of the .
dielectric sheet, and to evaluate the integrals in the integral
equation for that flat sheet, and on the basis of the assumption
that the electric field is essentially plane in the region of
irnportance in the integral, This is probabiy not a bad assumption
because the cone of stationary phase occupies only a limited
region near the point of observation,

N

This gives rise to what may be considered merely a flat plate
theory. However, it is not the usual sort of flat plate theory. In
the usual flat plate theory the dielectric shell is approximated by
a flat plate whose two sides are tangent to the shell in the local
region of interest, In that theory the plate is held fixed in the
determination of the field at all points of the local region, In

the present theory, on the other hand, the orientation and thickness
of the fitting flat plate change from point to point, and depend on
other properties of the shell than its thickness alone. This may
be expected to give a more accurate theory than the usual flat
plate theory.
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Lumped Fields Method:

"
-
P ™

Another approach is to divide up the radome into a number of
circular disks of the order of a wavelength in diameter. The

3 "7': point is to "lump" the local behavior of the electric field in each i
Q:. disk in a way one can handle, and then to use the basic integral . F\-:
O N
K N
Ny - . " C
A _ i
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equation to tie together the fields in the different disks. To do
this one must first express the electric field throughout each disk
in termo of the field at the center. - Certain assumptions are
required to do this, One may assume that the internal field in the
disk is approximated by two plane waves whose directions of
propagation may be set at will, hut may, in particular, be givea
the directions that the internal waves in a ilat sheet would take
when acted upon by the local magnetic field considered as a plane
wave, If that is done, one can apply a good deal of plane sheet
theory to simplify calcalations of the local fields,

It is then possible to calculate the total field at the ce—ter of each

disk by integrating over each disk and then summing . ser all the

disks., The problem than reduces to a set of linexr equations in

the wnknown fields =t the canters of the digks. Rather than attempt

to solve thesc directly, one can again resort to a least squares

and successive approximation theory, as described in Paragraph
I a). . T

The three methods just discussed are all of considerable complexity.

‘The grid method, to provide sufficient accuracy, requires an excessively .
large number of points taken. As a result, the storage requirements:
exceed the capacities of available computing machines, The stationary
phase method is hampered by the difficulty of fitting the sheets to the
cones of stationary phase., This process proved go difficult that the
approach was abandoned completely. The lnmped field technique looks

the most promising of the three.

It should be pointed out that the existence of a unique, bounded solution
to equations (5) and (7) is Eynno means obvious, The existence of the
singulatii; iz the term 27 2"makes the question non-elementary, from
a mathematical point of view, However, the results mentioned in the
foliowing paragraph tend to show that such a'solution does exist, a
condition which one would expect from the physics of the situation.

IV. RESULTS

To test the possibllity of a successive approximations scheme as suggested

in paragrapha I1I a) and c) above, the following experiment was carried out.

A cylindrical polystirene{¢=2.5)king, large compared to the wave lengih

waa placed in front of a parabolic reflector t ransmitting at X-band. The
resulting pattern was measured in the E plane of the antenna, Three points of
the pattern ¥rere then computed using the iterative scheme outlined in III ¢),

on the basis of one plane wave only and then for the next two higher approxi-
mations, In each :ase the higher order approximations were successively
closer to the rneasured values than the low order approximations,

At the present time computations are being carried out at WADC to test the

methed on a rademe; unfortunately no results have become available as of
the date of this paper.
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ABSTRACT

\

T T

A n?xethod is pre sented of deteimining the sled trave!
in a known artificial rain field required to obtain the sams
erosion damage (if any) encountered by a missile in free
fiight in any given natural rain. The conditions of test and
the mathematics of simulation are discussed. Methods used
. to determine the "worst case" of erosion, which is used to
determine the maximum sled travel, are shown, and methods
of rain field sampling to obtain droplet axzo, distribution,
and rainfall rate are givea,
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* 1. INTRODUCTION

. The severe damage sometimes suffered by flyirg in weacher conditions
wheve the air is full of particles poses a problem in the design of any moving
vehicle. Three types of airborne particles are known to cause damage, (1)
rain, (2) hail and (3) sand. This discussion will be confined to the case of
rain except for some general comments on the relative iraportance of the other
two particle classes. . .

In orde= to obtain specific information about the relative rair erosion
resistance of various radome materials three main attacks on the problem
have been made by various laboratories: (1} Vhirling Arm 2.6 (2} Flighi
in natural rain 6 and (3) Ballistic test in spray field. z The whirling arm

" technique, as it is currently performed, is good subsonically. The flight
through natural rainfall by an aircraft carrying samples is a dangerous opera~

tion and the results, while demonstrating the existence of erosion, are not
quantitative, since radar studies have shown natural rains to be non-hamogencous.
Thae ballistic method is good for supersonic uses, provided that a correlation '
between natural rains and the spray field can be given. The small size of the

:i‘ o test specimen and the few impacts made with droplets in this method make an.
W interpretation of the integrated effect very difficult,

A fourth method, pionsered by Dittmann 2 and others at Convair is the
5:::: l supersonic sled. A full size article, say a radome, is mounted on a rocket

propelled sled similar to those used for other captive Ligl speed tests and
fired through a spray fisld at a speed near Mach 2. The problem is to correlate
the sled test with an equivalent natural rainfall. Siucc neither the particle

.,
. -

iy

o
'}.t: distribution in the spray field nor tne time velocity history of the sled run are
;' precisely the same as the quantiies of a {ree firing in natural rain, some meauns
7S of relating them must ba foune in order to interpret the results.

.; ]

3

J‘J;i'
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2. METHOD OF TEST - A
S : 5
. e
2.1 The Sled -

The test vehicle is a two-unit sled arranged as shown in Figure 1.
The purpose of the two-unit sled instead of one large one is that it behaves
very much like a two stage rocket.. By keeping the frontal area of the booster
unit the same as the main sled the drag is sssentially the same as a single
sled. Both units carry seven JATO motors and shortly after a speed of Mach t
{(booster burnout) is reached, the booster disconnects. The main sled now fires o
and accelerates to a speed in the vicinity of Mach 2.0 which is maintaired until L; |
the spray field has been passed. A water brake is used to stop the main sled.
Aerodynamic drag, coupled with a lower velocity, is expected to slow the
booster before it reaches the water. It is equipped with a water brake scoop
- to bring it to a full stop short of the main sled.

YA Sk ARt e '.v"!':‘:"‘:.
0 S ! RN
B v

T TP T

2.2 The Spray Field

The spray fiald occupies the 2100 feet of track where the sled speed

;§ : is maximum. b

Figure 1 - Test Sled and Booster Ccmbination
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‘:'q::f? . The nozzles used are the Spraying System (O. {Chicago, Ill.) Vee )
3% Jet 1/4 U 8050. Since the erosion effect is proportional to scme positive L
" : power greater than unity of the particle diameter, the more-ercsive larger {
:$ droplets make possible some saving in the number of sled runs needed in any ﬁ
,_:}i given simulated rain rate. The highast equivalent rain fall rate {5 in. /hr) is §
}j obtained with a prassure of 4.5 psig and a symmetrical separation of 18 feet. i
LA Nozzles are directed upwirds 50°, and are located six feet apart along the A
*%’3 ] length of the spray field in pairs as indicated in Figure 2. Ry
e 3 . ‘-i‘
T - {
B 2.3 Drop 3ize Distribution {
g '
- { Tha method of measuring the distribution of water throughout the
- range of drop size consisted of capturing the drops in oil pans and measuring
g
:4 . them visually. First the drops were captured in an uil pan which had two
;j kinds of oil in it, ses Figure 3, :
Wl The two kinds of oil do not mix readily so the drops which fell into
the motor oil descended slowly and rested on top of the silicon oil. The captured
3
'-5}\{1
o
N
5
o
.
L r“”‘
Iy
b ),
.
’I‘
v at
.,\ ] l ' I OVERLAP ZONES
2 ' —0 o .77 sineLe nozzre ‘
® -
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o
o
Figure 2 - Spray Nozzle Deployment E
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Figure 3 - Oil Pan Detail 0C 350 SILICOKE On.

drops were then photographed 1:1. The droplets can be prescrved for several
days before the oils begin to mix or appreciable water absorption takes place.
The photos were made immediatzly after droplet capture. Comparison with
photographs of drops in air showed that the shape was not distorted sufficiently
to cause appreciable error.

Reading the negatives was performed by measuring each droplet
with a comparator. This methed proved to be tedious. While a scanning -
counter exists the negatives were not suitable for its use. It was jound that
certain persons could, after some practice, estimate the drops in eacli group.
very accurately, In a trial of this metiod one girl was able to reduce the time
required to read a photograph from 5 hours (two people) to 24 minutes {two -
people). The estimated count never varied moze than 1% from the actual and
the error in the value of d_ was 0.03 mm. _

After the drop count had been made for each station these readings
were correlated with measurements of rai,n rate a3 made with gauges, It was
found that the variation of the median drop diameter with rain rate was com-
paratively small. The drop diamaters are principally a function of the nozzle
pressure, not rain rate. Some apparent increass in size was noted: however,
the best explanation of this is that the spray iy not horizortally uniform with .
respect to size distribution, but the larger droplets tend to appear in the edges.
Since this is also the triple overlap region the empirical formula is good only

for the nozzle arrangement used in the tests.

A

o kA MY o, O

2.4 The Rain Rate

2.4.1 Rain Rate Measurement

A system of rain gauges similar to that shown in Figure 4 were
used to measure the rain rate. Several deterrninations were made for each set

of field conditions and the results averaged.
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Figure 4 - Rain Gauge

25-ML GRADUATED
CYLINOER

Measurements made with a row of gauges spaced 18 inches apart

down the field at the anticipated center line of the radome showed the rain not

only to be heavy st all stations but also to have a high variation. The range
3 of rates for the spacing and arrangement shown in Figu:e 2 was 3,82 to 8.68
S : incher per hour. The rms value of I was 5,05 in, /hr. The correlation of 1
\ with d o Was found to be:

. . va = 156114

where do is in, mm

: Iis rain rate in. /hr

_ The small valua of the exponent of I indicates that drop 'size growth
with increasing rain rate is small, In natural rainfall the corresponding ex-
ponent is in the nzighborhood of 0,20 to 0. 30 with a faw observers 1 reporting
numbers up to 0.37 and 0, 40.

i %d_ = the drop diameter which dividas the amount of water into two equal

L. portions.
3
L
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3. THEORY

3.1 The Radar Limitation

The criteria for vestablishing the equivalent rainfall conditions in
tke tests may be derived from the limitations imposed upon the radar guidance
system by the rain itself. It is obvious that some rainfalls which have a finite
proﬁability of occurring, can be sufficiently severe as to completely neutralize
any weapon system that depends upon electromagnetic radiaticn in the micro-
wave region or higher. '

The range to lock-on is given bw:

R = C [-0PXZGI(¢'9 )Gz(¢ ., 0 )] 1/4

LZ

"

Chpcaes
t.‘ .‘
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S where C = constant relating to system of measurement (i.e. km, stat. mi., ,
E .4 naut. mi,, etc.) s
@ P = Power transmitted e
?T . ¢ = radar cross-section of target N
\'. A = wavelength
) G( 4’ »8 ) = The gaia function antenna system C bt
L = Pathloss
The path L is governed by the maximum allowable two-way path attenuation :L‘,;
&i which will permit a reliable lock-on. If this ia assumed to be 3 db above the }‘ ‘
';\\,: ambient noise level, then Ry o can be determined for given values of the other
% variables, .
g Where scattering or absorptive particles are present in the volume g
:\-‘ between the radar and the target, the lock-on range is reduced to the point 1
S: ; where the signal rsturned is detectable 3 db above the ambient noise level. ' O
;i-_; | The formula: : )
(3 g
= a = 10 I '
b S where I = rain rate in, /hr (2)
A = wavelength
L = pathlength mi
a = db/mile
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The remaining factor is the attenuation caused by absorptien and
scattering. The attenuati:n eifect for\ = 3 cm is shown in Figure 5.

Where the relative velocity of target and radazr is seve, fhe De olor
frequency drops to zero and both effects must be considered. A conditic-: such
as this occurs if the target orbits arcund the radar location, er ¥ &« inrget

nd airborne radar move at the same velocity, as in a tail chase.

3.2 Erciion Factor

It has been shown by Marstall and Palmer # that the drop sine

distribution of racat natural rainfalls can be represented by f
N = Noe-Ad 8 %
where N = numhor of drops ingroupd + 84 o
N, = number of drops in groupd = 0
A = function of the rain rate L.
Treating /| as a constant (1.e. I = constant)
;
E 10' «
] RER M:CILL UNIVERSTY
3 FIPORT WP
8 AS.Cit
g«ﬁ
Z 'd"
1ot 10° ol
RAN RATE (IN/HR)
Diguve § « Ataauitian vs Dola Date
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The inpact stress is proportional to the square robt of the mass
p = V& = «ad? ' oL

‘Experimental results to date indicate that Equation 9 probably holds. 5
or at least that the exponent 3/2 is a first approximation. Letting the exponent :
be k for purposes of theory, the ercsion caused by the ith group is: ‘

x :
E, = Ngd, : . (10)
With the definitions given in equation 8 the total erosion facter

(EI’ due to droplet size distribution is:

oD
E, I Na® 84K

RN T T

(] P -
= -Ad . (1) ..
= NOL g"" 34 | B
which is readily integrated as:
E = N, 'k +1)
I A K+1 (12)

That the erosion rate goes up enormously with incr;asing velocity
has been established in sample tests by the Cornell Aeronautical Laboratory,
Convair 2 and others

Rp o< V° o 3)
The valne of b has been determined from data published by Convair and is
found to range between 3.5 and 8 for supposedly identical rain conditions, Probe
ably the variation could be accounted for in the sizes of particles encountered.
Let b be a constant and,
Ry = KV (14)
The component of V effective in erosion is normal to the radome

surface, From Figure 6 it can be seen that

b b
L Ry = KVp = KV°cos @ (15)

N The appearance of K is incidental in this discussion since we are

f-"* PNy concerned with the realative erosive abilities of two different drop distributions.
?\‘ The constant K may be omitted since it is divided out later in the analysis.
o It has been shown by Atla.sl that

R

i
A e
L

g
&

»
o

I "_‘

2
[

it lg

R oy

Nt e o

PPt e T g

BL o A0 g 0 A oy IR N R PR SRR L i N v S gl s e Sals

S

. - e Cae e o g W A - o e e e

N NN I LT R % LR W AN L O LS CA LS LR VDR S Ve s SRS LA R A R AT A MU LYV L LI s L S LS

e e o ]

t;
:?A?i}




N A T T T T T A A Y Y X Y Y B W VT N TS T VR TS O LT T

A S R O oy L~

Figure 6 - Effect of Angle of Incidence on Rain Erosion

and that do is related to rain intensity by:
dj, = L79 122! here Iis in in, /hr (17}
and do in. mm _
‘The value of No in the Marshall and Palmer treatment is invarient
with rain rate. While this may be a justifiable simplification for meterological
purposes, closer examination of the data used shows that their equation fails
to describe the numbers of smaller drops present. This is no criticism of the
meterologists because they themselves point out this limitation. The difficulty
comes in trying to correlate artificial rains where the drop distribution is quite
different.
Both natural rainfall and artificial rain field droplet distribution can
he described by: i.: n oo n AN
- a d =3 _d Lol
N Cals - (18) e
The erosion integral, in general terms, is: N
. o3 .-a d K« g
E1 -J ne n 4 dad (19) 4
o n=0 N
unless K is a positive integer or zero the form is not readily integrated. !
Howe- er for practical purposes where N vs d has been experimentally found, 'h.‘:
ths value of EI may be obtained graphically by: :
Wt "‘
k 0 Lo
E =~ X Nd | LR
At the stagnation point § = 0 and RE = K; and ths impact is less . @
everywhere else, It has been shown by Wettexborg7et al that aerodynamic k-:.:
"l‘-‘.-’f
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considerations reduce the value of V" belo'v that given by equation 15. However,
at the higher velocities the effect is less important and, considering the in-
-exact state of rain erosion knowledge, probably can be neglected until some

of the grosser aspects of the problem hawve been examined in more detaii.
Aerodynamics may affect the resalts if the velocity ratio between the sled

spead and the free flight conditiom is not close to unity,

3.3 The Sied Simulation

Tle total erosion experienced by a radome traveling at a speed,
Y. through a rainfall, I, in a pericd of time, ty-ty, is given by:

t ! 3 o
y 4 n
- d
E = K ‘ L vl e BN k@

The equation holds equally whether the radome 1s mounted on a free flying
vehicle, or on a captive one like a sled. The object of the tests is to establish
a valid estimate of the damage caased by certain natural rainfall. With this
in view, it is necessary only to write a ratio betwcen the natural and artificial

erosion integrals.

I At r nsco -andn
b ( ) K
Km missile VN 9t}o ngo e d dd (Nat, Rain)

] Ky j S~ VN dtr. T eedt) ¢ o« e
Sled , o( n=0 " ) (Art. Rain)
v = number of sled rues required to simulate any given missile
flight situation.
Since the material object is identical in both cases and the aerody-
namics are similar if the speeds are nearly the same then:
Km ~ Ks
and letting the velocity factor be denoted by Ev'
equation 22 becomes:
v Ev E:I {Missile)
E E ' (23)

v 71 (Sled)

v} §
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The existence of a maximum ¥ depends on the flight history of the
missile and upon the foreshortening cf its range by rainfall intensity. Except

where the limitation is severe the curve of V vs !is fairly constant after the L e
. 'y 3%

maximum has been passed. The radar limitation is the stronget variable and : ,ﬁr
the product of the two integrals tends to be nearly constant, or even to diminish .’:
g

despite the fact the rain intensity is increasing rapidly.

4. OTHER EROCSION PROBLEMS &

4.! Snow Erosion T E

The apparent absence of snow erosion is evidently due to &2 small

size of the erosive particle. While snow flakes may be quite large ttey consist

of ar 2iry lattice of individual crystals, Impact with such a structure would
Current aircraft and

first collapse the lattice and then demolish the crystals. 'E
missiles are not significantly affected, but when the relative energy of the -}

individuzl crystals to the vehicle approaches the fatigue or impact breaking

L5t 3 RAW o3 505 3 PP ol Lt e ¢ . g -

e

strength of the materials used, snow erosion will be noticeable.

CRPrP B sy
LLAAAP

4.2 Sand Erosion

"

Sand or soil particle erosion has occasionally been reported on

L]

military aircraft flying at compnratively low altitudes over desert terrain.
The phenomenon is ordinarily confined geographically, but might also be
expected over "Dust Bowl" areas. Since the particles must ba carried by o
air currents, a definite gradation of size distribution can be expectsd with
altitude. The criteria for deciding what particle spectra to anticipalz at altitude
during a sandstorm is insufficiently not known, anu u:s question is presumébly

A

,
o,
’l

2

unanswerable at this time.
As far as a missile is concerned, materials which can withstand up

A

to a minute of sand bliast with medinrm particles at missile speed wiil probably

508

be satisfactory for radomes and leading edges. ?

o
il s

4.3 Hail Erosion

P a

The occurence of hail in dangerous quantitics is suffiriently low as

to pose no problem in the control of damage to aircra{t and missiles. However,

W e

.H'. -
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repbrts by NACA ard the Military indicate that erosion and damage inflicted by
hai} when it does occur, is often sudden and severe.

L
. A
.

:}_. . , * Meteorological records are available for. determining the sizes of
,‘,‘ hail which occur most frequently on the ground. For purpo3es of tests, these
:. ‘particles may be assumed to be airborne. Since an ice pellet, unlike a water
;‘; drop, may be accelerated with an air blast, sample tests of the hail erosion-
" - resistance in radomes and other materials are feasible.

" 4.4 Rain Erosion Simulation by Other Medis

Conditions relating to Change of Evosion Medium.

A. Velocity Ratio

[

! ; Since missile velocity increaces with launch velocity, it becomes

i

virtually impossible to simulate erosioa for maximum-speed condition, due to

o

;..*-: the fact that the number of runs becomes prohibitively high. For speeds above

' M 3.5, an attractive possibility for reducing the cost of s:mulation is to use a

?.: higher-density liquid as the erosion agent.

:';: The only high-dencity material which is a lignid at ordinary

N i temperatures is mercurv. If we stipulate that the relztive kinetic energy con-
tained by the drops shall be the same, and that whatever changes of state that

}.j take place shall be identical in kind and energy, then,

\ El = EZ & W). = WZ (24)

! where E is energy and } is the function of state of the two

media,

v For equal energy,

A 1/2my. V2 = 1/2m V2 (25)

2 Hg "Hg HZO

o -

2 13, 546 MHZO

H O

= 0,272V 3

: H20 (26)

i Where the test material is ceramic on plastic, mercury may be

; useable, but its action on metals and alloys sl.ould be investigated prior to test,

\
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The curve in Figure 7 terminates about M 3,6 Yaczuse of a
change of state in mercury.

For any other pairs of media

v, = V, J_Px @ 5

] B. Changes of State
~ g

-»‘::'. ‘ -{ In order to be certain that the changes of state in the collisior

{ are the same, it is necessary to investigate the changes of state that may

i\ 1

- occur in ordinary rain erosion at high speeds. The fi1st law of thermcdynaiaics

\ g states that:

o JQ = E Where J Joule's Equivalent

pre Q Quantity of Heat {28)

’ E Energy of Impact

; If the water is assumecd to be liquid at the beginning of impact,

',.‘- . and is allowed to achieve the vapor stage during impact, the Q term in equation

'-.‘ .

{ "“-‘ 1

L .

L -

p »" \ﬁ

-.,"_ g 100C 4
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o Figure 7 - Equivalent Test Speeds in
, Mercury (First Order Effects)
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If the particles were ice crystals, or hail stones, Q terms for
Seu mlid state and latent heat of fusion would be added to those for the liquid
asiiwpec siates.

Q = Q“‘ + QF + Qliq. + QV + Qvap

Terms 1,3, & 5 are all of the form

Ty
Q = J‘ cdT 31
Ta |
whete-c i the specific heat and T, Ty are the initial and final temperatures R

a=hiswsi within a given state. X _

It is interesting to compare graphically the niercury and water
cuages of state. Figure 8 shows the permutation of water states for various
Isital mwperatures,

12¢+ T oo‘u'&idd"e .
190 74
~ /7
[$]
< eo-/
w
5
E €0 .
« T * INTIAL TEMPERATURE
w
3‘401
-
20-
0
o | 2 3 & 85 & 1 ©

SPEED —-{THOUSANDS OF FPS.}

Figure 8 - Water Temperature After Impact
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‘; - Sufficient energy is present to cause the water temperature to rise to the
& transition zone at a spead of about 3000 féet/sec no matter what the initial
: temperature was. If we avoid media conversion for transition zones, an upper
. limit near M 2.6 is imposed. . Figure 9 shows the maximum range of liquid- -
to-vapor change in mercury. The low specific heat of mercury allows a rapid
) . Db ER
f rise in temperature and the transition zone is reached by 1086 feet/sec. -k
Specific heat is in general a function of temperature, but in Fe
5 most instances may be taken as a constant throughout the temperature range of ¥
any given state, provided that additional states of freedom are not excited in B GX
; : the material, With this simplification and substitutuion froem {30) into {29) we : Y
f, obtain an expression for the changes of state. -
oy Y AL
.,‘} ‘ 2 _ - v s ) :
9 1zmv® = 3 Jlmey, Ty -Tg) +'mq+ me, (T ¥ (32) % o
E A : P R
I v | } P
B - L oA A A -
2y ATliq Clig 7387 = *vap“vap (33) |
E X q is the latent heat of fusion per unit mass. In using equation |
3 : (33) itis necessary to take the right hand terms in sequence. That is, the .
To » 100 0°-39%
400 |
S 3004 b |
w J |4 ]
< 200- w ~
[V ~ h-
2 N le i
\a.j 100+ © |g i
~ )
5 ) g e ;
b 0 ' 3 I
=39 | X
~IOO' T 1 . L \ ’
0 .2 A 6 8 10 L2 24 26 28 30 R
SPEED-{THOUSANDS OF FPS) : \
Figure 9 - Mercury Temperature After Impact - i{:.}:.-_;
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energy is first used to satisfy the initial term and the excess assigned to the

second; then any excess of energy is then assigned to the last term. The final

i ol
' -0 &,

LAV B SRR

temperature may then be calculated. Itis necessaryto follow the same

$: : sequence as the physical-state transitions of the erosion medium, If a material 2
*'*- . is capable of additional degrees of freedom, additional terms reflecting the
variation of ¢ would be required.

."}:- ; If it i3 to be assum=d that in both media, no part of the drop is
{5.:\:: i vaporized before the whole mass, then the mercury is capable of simulating
;\:\ rain erosion up to the limit imposed by the water. Probably, however, this

;; model is too simple to yield satisfactory solutions near the point where transi-
1 \‘ i
N tion begins.

A .

W According to equations 27 and 33, the maximum equivalent speed
B ‘af

S'\ for rain erosion which may be simulated up to-the mercury transition zone is
_‘*‘ Mach 3.6 at sea level, but this assumes that all of the water remains liquid
AN in the transition zone.

N

. f‘ These considerations show that while the exact limits may not
: be prescribed at this time, the change of erosion media will not extend evosion

\

‘o measurement techniques much beyond Mach 3.
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8. CONCLUSIONS

;-{_«; Current sled designs call for maximum speeds of about Mach 2, A:snniq
- the restriction K_=* K, equation 22 can be used up to the transition zone of
U water (M 2.6). Thxs means that erosion on a vehicle traveling M 2.5 can be

; {’I simulated by using existing sled techniques. Since the condition of simulation
:'.‘ does not hold for speed ratios greatly different than unity, special sleds capabls
‘t ' ~ of speeds of Mach 3, or above will be required if this manner of test is tobe

:;' pursued for higher velocities. Such a sled might use a double or triple booster
g system and require 6 to 10 miles of track in order to get perhaps 2000 feet of
\ -‘ useful rain field.

: Generally, the current-type sleds will yicid satisfactory results for

s missiles and aircraft in the speed range of M 1.5 to M 2.5. The time of flight
‘__'1 - at extreme speeds for aircraft must be prescribed in terms of radar limitations
due to precipitation, fuel consumption, etc. in order to determine the number
"' of sled runs required for a given simulation.
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I-i=aductions

It is becening 1acreasingly spparent that the field of large ground radomes
exxmpasses requirements for riglid radomes. Because of this meed, additional
er-hzsis is being placed on the research, development, and evaluation of ‘large
rizid ground radomes. It might even be s*ited that the requirement for mobility
wch previcusly restricted the use of rigid radomes is in some instances no
lczger a serious bar to the use of the rigid radome.

Ttz foremost Intent of any radome is to provide protection to the radar antenna

wiik 2 minimum attendant loss of transmission efficiency.

3 1y
e by
4o »

exs overloocked or are unduly minimized.

This concept is no

z3s applicable to large ground radomes than it is to airborme vradomes, The

isn varlables may differ; howsver, the net desired result is essentially the
The evolution of the large rigid radame from preliminary design to final

ication and test is based upon this prime consideration of high transmission

However, thers are other important design factors which oftentimes

A successful radome will reflect an

cz22s% evaluation and resoclution of these many design varisbles and factors.

In

H

[ -t LY e s s T T EBR LT N T NGB s LA VA A, TR ST TIPS AT L Yttt

fzct, it is a design responsibility to insure that the radome complies with these
mz=y factors which will result in an optimum design.

Dizcussions

Awng the factors which dictate optimum design of large rigld ground radomes are:
{1} transmission efficiency, (2) service envirommental operating conditions,

{3} structural indtegrity, (4) safety of personnel involved, (5) field erection,
(2} service oparating life, (7) operational maintenance, (é) nenufacturing and
fzaricationy (9) mobility, and (10) unit cost. :

Th3 feasibility of designing and manufacturing large rigid ground radomes per the
ztovs factors has been demonstrated by the Zenith Plastlcs Compeny, as well as
virious othsr comarcial fims and military research and development centers.

%3 research and developnent program which resulted in delivery of such a radome
{z3reafter called the Roma Dome) to the U.S. Alr Force was sponsored by the Rome |
&ir Dovelopment Center. The general requiremsnts were for an anti-iceable rigid
rzicme which was to be mountable on existing arciic towers. This radome was to

b2 tha cover housing for radar set AN/FPS-4 or for radar set AN/TPS-1D, In
:iiitiony it was required that the radome be transportable in a C-119 type alroraft.
Z3nuse the many design factors are so inter-related, it is not possible to dis-
c.§s then as separate entitles. Thus, no attempt is made in this brief discussien
t: adhere to any specific numerical order such as appeared in the introduction.
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The optimum configuration and size of the Rome Dcme weew selectsd on the basis

of providing a radome which would lend itself to siwilelly of design and ease

of sectionalising, transport, and erection. In addilies, the radome must pravida
adequate inside clearances for the assembly of the submwm, mest provide clearance
between the edge of the antenna and the surface of the raless, and must be '
mountable on existing arctic towers. The radome comfigmrsilem finally selected
(Figura I) has a hemispherical dome of 10-foot spherissl zeid¥es vhich is tangeat
to and continuous with a 20-foot dlameter, five-foot wartical cylindrical
base segment. The resulting height (less lightniug rud) Z» 15 feet. The surface
was divided ialo eight i.entical peel-shaped side penels of approximsisly 8¢ x 18!
and one 6-foot dlameter circular top cap panel. It is well to mote that no '
varticular difficulty raa been encountered by the falvdewlor fa handling these
panels during test erections.
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The selection of materials for the Rome Dome, as wllh any raicme, was dependent
upon the integration snd assimilation of the many wvarisd desi= and operating
conditions. The basic structural material selected was fXEerwlass reinforced
rlastics. This cholce was made because of its desirshis slsefrical properties
and because it is now a well established fact that fibergizas Is relatively
maintenance~-free. More specificallyy the requirements per specification were
that it should be fiberglass £abric {not mat) with sattae restns, Because of
the anti-icing requirements of ths radome and the comseqemd keal requirements
which under certain conditions would render rademe skina fawmerstlures above normal,
it was decidsd to use Selectrom 5016 resin in combineiiem wifh iypes 120, 181,
and 182 glass fabricy RS-49 Garan finish. This cosbimaiion ef fubric and resin
is relatively econonical, 1s easy to work withy end is stroefar=11ly reliable at
the design heat versus load conditions. : o
In order to fully appreciate the panel construction it &s mecessary to note that
the anti-icing means selected as best for this Job w=s the == of ducted heated
air. In this particular application the heated air flows Ewozgh nassages or
channels which are integral with the radome sandvich pemsl #=d sre ajjacent to

the outer surface. The final panel construction selacted B ike transaission
area 1s shown in Figure II. This type of fabricatiom comeily ¥no'm as the
lost-wax process for radome counstruction is permitied wxder }izanse from the
Douglas Alrcraft Company. The base of the side panels snd 8= isp cap panel being
outside of the transmission area are respectively horsyeod semdwich construction
and thin solid laminate construction as indlcated in Figure IT¥. All attach

edges and fleld joints are built-up solid laminete. Typdcal emstruction of the
vertival field joints is shoun in Figure IV.

The final panel consiruction indiecated in Figure II was thel em{isuration deemed
bast from an electrical transmissica standpoint which wonld s3213 ender the
necussary siructural properties and be functionally edequele Zrcn the anti-icing
standpaint. Orlginal elactrical transmission targed wes OF%; ~=ich served as

thae basis lor theoretical calculations resultirg in the sazixich construction
shown in Figure II. QRecent tests indicate that a2 trecseissiom ealliclency in
excess of 90% can be expected through the sandwich of the pe=als,

The vertical fleld joints of Figure IV are not desirsble Zrem ax olectrical trans- '\
aissicn standpoiat (60-70% predicted). Bocause of the lew tmnsmission inharent )
in this typs of Joint, studiss are currently balng directsd fevasd a practical XN
Joint design which will allow a maxdimum transaicsion with a mini~: patlern o
distorticn.
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i%  _ 3 The heat requiremsnts were estadblished by a conservative thermodynamic analysis
Nk based on data available at that time, This anslysis indicated a net heat require-
,,\‘-".f ment of 480,000 BTU per hour. It has since berwme evident from additional data .

that the eriginal concepis were probuoly over-conservative, and in future deaigns
for enti-iceable rigid radomes the governing heat requirement criteria will be
adjusted accordinglye.

The anti-ice heating system designed for the Rome Inme coasisted primarily of

(1) an oil-fed burner which is to bs located in the radar tower below the second’
floory and (2) & eirculating system for quoting the keated air to the radome
panels and partial retwrn for recirculation. Ths system is provided with controls
for maintaining preset heated air temperature and has safety and limit switches.
A1) exposed hot surfaces have been thermal insrlated and moving parts have been
provided with protective covers.

The requirement per specification was that this rademe should be opera®e in
tropical end desert locations as well as locations of exireme cold. Because of
these requircments plus ths fact that equipmeni within ths radome should not be

'\:; operated in ambient temperatures sbove 1259F, it was necessary to evaluaie the
P potential temperatures within the radome, I3 wes fomnd that outside ambient alr
N must be cirewlated through the radoms walls {noxmally used for anti-icing air) in
Ko order to prevent ths amblicond air temperature in the rzdoma chember from exceeding
S 125°F, This fact was found to be applicable for both the exiréms desert and

N tropical daytime conditions. _

>

i:*{ It goss without saying that the radema had to be structurally sound. A ccmplete
g\ serodynamice investigation was conducted to arrive at design pressure loads due
BN to ths 109-knot wind requirement. Thus with the configuration, loads, and design
; ‘tu ] established a stress analysls was completed. This siress snalysis revealed that
NN ~ certain portions of the radome side panels had negative margins of safely.
However, in vliew of ths conservative assumptions and mathed of analysis and of
_"\-‘_._\ previous experience in radoms dssiza, it was ths weighted enginsering opinion
RN that the radome would withstand the design loadings vithout failure. The validity
vy of these assumptions and opinions was latsr substanilated with the successful
A completion of the static test.

o

o The fabrication means and cost of fabrication are influential factors in making

or breaking a radoms design. These fagtors are too often overlecked in preliminary
radonie design and ca2n result in a finalized preduetion design which 1s not
economically feasible to produce. The previsusly notsed operational factors must
in the final analysis be coupatible with the m2ans of construction. Among the
most cormon diffsrences exlsting between desired and practical applicatlon is

«

Lo P i
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W, the problem of close tolerances. It is definitely next to impossible to provide
.‘:,': the theoretical closs tolerances often requested. OCr at best, it i3 not possible
“Q:: 4o consistently provide extrene ¢losa tolerances ever with the nost precision
A% teoling, The nel results often indicate tiat the closensss of lsrance originally
‘_. requestsd was not mandatory for normal radcins performance. Had these tolerances
o besn less stringand and more practical, it weuld havs been possible to produce
%::_-. a radony almost as operationally ei‘f.‘ic)?.ent and mush xore cconoidcally efficient.
b\’ I% can 223ily be svun that because ol extrema close tolerances tha cost of tooling
,:; risas, the actual cost of fabrication rises, the cost of quality control rises,
:_‘\:,3 and the rejeetion imte rises. In additlon, all too ofien each accepiable radoms
O.‘ praducad has had to bo a tatlor-made and hand-73% operation, Thus the fabrication
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and economical factors cannot be discarded in radome design. This becomes

- @specially true when the radome fabricator operates as a subcontractor and must
remain competitive with others in the industry. - s

Specifically, the Rome Dome was developed from a research and development contract
which was to reflect a successful radome and in addition was to reflect the
development of production tooling. The evaluation of ths tooling problem resulted
in the selection of molds of cast phenolic tooling resin. This is an econcmical
approach which renders good results over an extended quantity of parte., In the
event of high quentity production the molds can easily be duplicated in cast
phenolic %tcoling resin or in permanent metal molds. The type of radome construc—
tion was net difficult considering its anti-iceable functional intent, The
materials selected for radome construction were easily handled and the tolerances

2

required of parts and tooling were reasonable. The geometry of the radome also
lent itself to reduced economics becauss all eight of the side panels are
1dentical units which can be produced from the same mold.. . ‘
The requirement for shipping the radome in C-119 type aircraft was beneficial in
that the maximum panel size allowed was a size that could be easily handled from
an erection standpoint. The only tool required for erection other than the '
ordinary hand {ools and a stepladder was a lighweight erection pole. This erection
pole is placed in a tripod-like support position when the first side panel is
AN erected. This pole can be left in position while most of the remaining pansls and
TR the top cap panel are installed. Thus the basically monocoque structure is quite
stable during the rapid ersction,
38 .
:{-“_{- ; It 1s a matter of necessity in any research and developasnt program that the end
hi, : product has proven itself tesiwlse. Test of the Rome Dome, contractusl and
= othervlse, consisted of electrical panel transmission tests, anti~icing air flow
- tests, static tests, complete erection tests, and anti-ice air heating equizment
,;.'e tests, The above iisted tests were successfully completed at the contractorls
| 3r ) facility prior to delivery of the complete radome and related heating equipment
N to the Alr Force. Awong the contractor's final recommendations was the reccemen=
A:;-f dation that the rademe and related heating equipment be operated under the severe
Bt service eavirommental conditions for which it was designed. It is felt that such
. operation would be conclusive proof of the feasibility and practicality of tiis
2R dasign and, in addition, would render opsrating lata of invaluable nature.
\““.;
AN Since the overall program of rigld and non-rigid radome development and use
indicates a cont!nued and expanded field of effort, the Zenith Plasties Cormpany
e has been conducting preliminary design studies resulting in proposals of rigid
'i~= radomes of varylng slzes and functional use. By functional use I intend to } b
e~ | convey anti-icesble and non-anti-iceable types. o
p - - I
g In studying and proposing these different deasigns the ssme basic design critsria ;‘!
_" have been used that wers used in the complste design and fabrication of the "
Bt original Roma Dome. The exception to this is, of necessity, that more emphasis g
. must be placed on the handling and exection of the larger rigid radomes. This $
9. is understandable when one considers that the pansl size cannot increase due to
280 shipping limitatlons; therefore, the quantity of panels for one installation ’
\‘-::.} increases approximately as the square of tho diameter. As well, erection bacomes ;
‘_ mere of a problem bacauss of the increased distances above ths bass. In addiion i
A‘:‘:::'i to the sare basic design criteria, an emphasis has been placed on providing a !
".x{ radomo which would tend to be inharently stable throughout tha erection nericd. L
bl S i
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The importance of this can be realized vhen one considers that longer periods of
time are quite naturally required to erect the larger radomes, During these

longer erection periods the chances of unfavoreble or destructive winds arising
become more pronounced.

" The exlsting Rome Dome design portends a successful application of the lost-wax

process panel construction for ducting heated air in anti-iceable applications.
Therefore, a simllar approach has been used in the study and proposal of a rigid
radome of 55-foot diameter, ,

The nain emphasis relative to r:lgid radomes seems to be currsntly pointed toward
the non-anti-iceabls type; the reason for this being that data compiied by Rome
Afr Development Center, Lincoln Latoratory, Cambridge Resecarch Center, and others
reflects little icing occurring on large radomes. Because of this emphasis,
studies have been completed resulting in proposals for 20-foot diameter, 35~foot
4lameter, and 55-foot diameter solid laminate rigid radomes. In addition, a
study 1s currently being conducied for a 110-foot diexeter solid laminate rigid
radome. That emphasis i3 being directed toward the non-anti-iceable type of rigid
radoms is perhaps timely because of the trend toward larger entenna design. It
1s easy to see how the complexities of design and manufacture are reduced in the
solid laminate typs radome,

An additional fact of relativs importance in the successful development and design -
of the larger rigid radomes is the amount of capital expenditure required. It

is easy to understand how the complexities of the structural problems are multiplied
many times as the size of the radome increases. It is @ifficult for the low-
overhead subcontractor to theoretically evaluate ard solve the Intricate problems
associated wi*h large rigld radome development. Therefore, fiim design and
development will of necessity be slow unless it is 1md=rwri’oten with fim

financial assistance.

Conclusion:

In surmary and conclusion, the facts orient themselves in ths following manmner.
The feasibllity and practicality of rigld radomes has been established and proven
by .various fabricators. This contractor has successfully demonstrated this with
the Rome Dome, a 20-fool diametsr anti-iceable rigid radome.

Because of a continulng and increased need for rigid radomes, further study and
development is being accomplisheds The successful optimum radome designs aa a
result of these studies and developments will equitably encompass the many
important design variables and requirements.

In addition to proposals by other fabricators, this ccatractor having eiccessfully
completed the full design of a 20-foot diameter anti-iceable rademe, has completed
the preliminary design of a 55-foot diameter anti-iceadle radome. Cther prelimi-
nary designs completed or near completion are non-anti-iceable rigid radomes of
20-foot diameter, 35~fcot diameter, 55-foot dlameter, and 110-foot dismeter.
Future designs will cover radomes of 150-foot dlameter and 200-foot diasmetsr., In
order to develop thase larger radomes it will be necgssary to conduct extensive
research and development nrograms ajmed at determining nmethods of structural
analysis, detcmnining the electrical effects of vario.xs tyves of joints, and
detemmining the most efficlent structwral designs without the sacrifice of rapid
means of erection,
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The work on radome naterials development mentiomed here was accanplished
principally through ccztract with DeBell and Richardson, Inc., Hazardville,
Jonnecticut, where Mr. ¥ac Mead, Mr. Wayns Turner and Mr. Fred Wiley were
responsible engineers. Some prior work with Cornell Aercnsutical Laboratory
and Mr, Walter Bird is simificent and is mentiocned for its background ‘impor- -
tance. This developmert was administerad through the Materials and Miniaturi.
zation Engineering Section of the Rome Air Development Center vhere ir, James
L. Briggs and Mr. S. C. Nilo were cognizant engineers. The author was
fortunate, serving as Troject Officer, and it is with the kind permissio
of the aforementioned that I proceed. ] -

INTRODUCTION

The purposes of itis development was to improve the performance of air
supported redcues, principally by lightweighting the current radome techniques
that use rubberizsed fzirics. The benefits wers to be (1) greater mobility
for ground radar systezs and (2) reduction of the overall cost of radocmes
thru use of less materisls, less fabrication time, less effort in handling and

installation, less maintenanve and longer service life in such structures.

In order to accemnlish these goals the following requirements would have
to be realized, :

(1) A yam of hicher tenacity or strength than those previocusly available
was needed for the strength compared to weight necessary in light-
weighting, :

(2) A yarn of izzToved resistance to the elements was required.

{3) Proofing or rubber coating materials of grealer weather resistance
than those rresently known wsre required. '

(4) Proofing matericls were needed that were capable of stronger joints
than those sitainable by present techniques and materials.

(5) Designs utilizing more econcuic engineering were algso required,

#Presently with Phillizs Chemlcal Co., Bartlesville, Oklahoma

WADG TR 56393, Vol I 18

v

AL 4 AN M 1 1 R MM SR G P P Bt A AR



By

v AR AR
e 3 PESN
LA INPEE,

M

x g

..4‘77‘ >4

A Tan

PSRRI AN P

A TR

b

]

R

hit R A LA RV EELEA R AL RO A AR SR AR e DR i S A R St B A N P S LA A e S Il Vil G B R T A BN LR LS PR PN a'd «1“(‘9\'- Al

I

" proofed with Nesprens rubber. The need for izpreved materials arose early,

VA
o

- These requirements and their engineering realiration become the develop-

~ mont contract undertaken by DeBell and Richardson, Inc., Hazardville, Connectidut

on the 4th of January, 1954.
HISTORICAL BACKGROUND

The historical background for this develorment has a number of significant
events, a few of which we might mention here. Ir 1546 the Air Defense Command &3
and the Tactical Air Command irrosed wind, teaperature and ies loading requirse Sufsis
ments on radar systems that was about 40C% of the design load for the entemnas |
and pedestals. The need for environmental contzol was obvious,

Cornell Aercnautical Laboratcry, Buffalo, New York, suggested to the Air
Force in the fall of 1946 that an air supported radcme could be used. Rubberised .
fabrics that were strong and flexible and fairly transparent to microwave energy RLgks
at S and L band were to be fabricated into s truncated sphere that was inter- -
nally inflsted 2zainst external wind loads, A prototype structure, 50 feet in
bagse diameter for the Al'/CPS-6B Badar Set, was built by Cornell and erected in
Juns, 1948 at Buaffalo, - :

At the time of a demonstration, this protocijpe was demaged. It was re--:
palred, rs-orected and saw satisfactory service use for two years, which is
fairly woll for a prototype. The material used there was Fiberglas cloth

Rademes using Fortisan reycn and Nylon in conjuretién with Neoprene rubber
wers also proposcd end these service tests ftexs were manufsctured. All were
acceptable,

However, escze shortcomings in performance were beginning to appear. Tear
resistence wns regarded as insufficient, Weathering had abominable effects on
radsnss in mapy cas2a, Haterials wers weakened at creasey and folds. Artic
u33 regquired 2 vhite gstructurs. Radomes were hezvy and bulky. Installation
vas not easy. In order to gain life agains the elmments in mid 1950, it wvas
neceszary to "beof up? the materials which dstrscted from reduced costs, im-
proved clectrical performance and related interests,

In 1951 Corzell undsrtock an Air Force centract to investigate improved
naterials for air supported rademes, Among ths results there wers two factors
that wers to be of great significance in the work that was to follow. It was
learned that Hypalen synthedic rubbsr had pronise for very good weather resise
tsnce, bub it would require extensive develomzant work befors it could be
ccmmorelally utilized in rademe applicaticns. SHypzlon is a pignented synthetie
elastomor derived from chlorcsulionated polyethylens, The second factor was
the posuibllity that the Dacrcn polysster type yarm could be made to have a
rather high strength for its weight by hot-stretching or drawing the yern.
This high strenzth to weight ratio is important f{or lightweighting. Dub up
witil 1953 yamn drawing results had not bavn satisfactory. Any .’E:nproved pro=
psrties that were imparted to the yarn by drewing were lost in time recovery,
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or by shrinkage at ordinary fabric processing temperaturss,

Air suppcrted radomes could, in 1953, be made from Neoprene proofed fibrics.
of Fiberzlas, Frriisan rayon, Nylon or Dacron. In the proofed or rubberised
form, all of these materials had a unit strength of about10<12 pounds,inch for
each ounce/square yard of material, Each ounce of weight per square yard
represents about 1 mil of thickness, .\ fifty foot radomne uses a fabric of
about 35 ounces to the square yard and it waighs over a ton. Weather resis-
tance was insuificient, However there were serviceable items placed in Afp
Force inventory, shich no doubt has played some part in our national security,
However, with an ejo to further improvement, it appeared desirable to try to
raduce costs and to improve electrical and physicsl performance for the long
run by lightweizZiting and by improving weather resistancaz. This woald result
in simplified hzndling and installation, minimized maintenance, greatly extendod
service life, reluced costs in fabrication and materials as well as providing
better electrical and tactical performance of radar systems,

DEVELOFM=XT OF DACRALOR

The word "2:cralon™ has been used in referring to proofed fabrics cone
gisting of Hypalon rubber and Dacron fabric as further explained here. The
problens confreriing the develooment of lightweight weather resistant materials
for air supportsl radomes were primarily in the field of high polymer tech-
nology and utilization, and in the engineering design of such radeome structures,
Certain propertizs of high polymers eand the techniques for thelr comercial
processing as ezzlied to synthetic fibers and elastomeric coatings became the
main area for t-is development with DeBell ard Richardson, Incorporated.

It appeered that continuous filament Dacron showed the most promise in
high teracity ani weathering ability. The problem was how could the yarm be
further drawn or stretched to permanently gain the desired tenacity in a stable
forn thru processes that were adaptable to commercial production. The Hypalon
synthetic elastzner had indicated very good weather resistance in an advane
tageously pignsntable and curable rubber stock. The problem was to adapt:
Hypalon to this mequirement, especially in regards to adhesion, cure and fire
resistance thri processes adaptable to commercial or production coating of the
Dacron fabric, %saving was to be a problem for the fabric required a strength
to welght ratio that was unheard of in the industry. Since the lightweight,
proofed fabric for the dsvelopment was to be about six ounces/square yard
total weight, t:2 Dacron base fabric was seen as weighing 2 1/2 to 3 ouncss
and pulling at l=zast )60 pounds/inch in tension before break. Design cone
siderations for such structures invelving the cocrrelation of fundamental pro-
perties with relome performance, the evalustion of rip resistance, the plying
of fabrics, the reduction of calculated strength in weaving and coating
operations becax2 important areas of the development.
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YARN -

First development efforts concerned the yarn. Iaitlal expariments proe

e, duced yarn tenacities over eight grama/denier whereas the yarn as purchased

205000 U T . had a tenacity of around six, The yarns were drawn or hot-stretched at about

A 4C0~/20 F by contacting a hot plate and then "heat-set" by remaining at scme

S elevated temperature for varying lengths of time as an effort to anneal the

D\ S yam. Fortunztely a valuable discovery came carly in the development, As the

¥ 1. extent of drawing or stretching is increased, the time of heat setting or .
2 A arnealing became less and less important in removing any induced or builtein PN
< mechanical stresses. At 15% or more drawing, the hsat-setting time appeared
h to no longer affect the residual shrinkage. Once the drawing is beyond 10 ;
Fod | ' percent, annealing time from next to nothing up to 45 seconds had little or

Sl

43
no effect on reeidual shrinkage, This discovery helped pave the way towards B
coamercial production, for processing time in annealing was practically . @
elinminated, The emall shrinkage problem was thus transferred from the yam X
to the fabric where familiar pre-shrinking techniques could be applied, . B

The polyethylene terephthalate resin used to manufacture Dacron yarn is
probably as pure as possible for the production melt spinning process, Even
then, some impurities, gel spots or gas bubbles are present and these points

e
v
oL

J;G:;) #’:‘V Z

: .

of discontinuity beccme arcas of stress concentration under filament tension, _
= It i3 generally agreed that filament breakage occurs at points of stress :on-
N centration at a much lower overall strength value than can be attributed to
) ;\ inter~ and intra-molecular forces, When flaws are oriented in the stress

field as is the case in hot stretching or drawing, they are less likely to

v ' facilitate premature failure for soue stress can now be transaitted around
. N ths oriented flaws, '

w0 In oxperinents that followsd, it vas indicated that the drewing contact
o tine was not nearly as important as the temperature level or the extent of
- . drawing, &pparently one must go far enough to pull the yarn right thru its
N

old elastic boundaries into a new crystalline alignment to gain any significant

et

banefit by drawing, It was also discovered that the permanence of the increase - '
in tenscity wns betier with yarn that had been freshly melt spun or manu-

_ factured, than with old yarn from the same polysthylene tsrephthalate resin,

. It could be that some of the crystallinity induced into the filament in the
M eriginal fiber forming process was slowly replaced in time by :more amorphous K
Y areas with subsequently mors elastic behavior, which lowered the modulus and o
O & had to be overcome ia the stretch-drawing operation. Scme re-criemtation of
~ pelymer molecules and of crystallite areas were no doubt brought about by the
o stretching, but all of. this gain could not apparently be retained by the oy
extremely high viscosity at room temperature and thz yarns lost some orien- )
e | taticn in time., Most of the increased tenacity could be accounted for by the K
1 reduced crossed section of ti.. drawn yarm with its lessesed 3enier. Yamn >\
. brsaking strength was generally improved somewhat by the stretching which X
o vould indicate scne improvement in filament srientation. The contribution 6558
f of gbpelching or drawing to crystallinity and the effect of this on tenaclty !
N } and yarn strength was not fully determined for unfortunately, such an evaluation ) '
o b was bayond the scope of the lLsmediate problem. 'v’i
X R
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s Another significent proceasing discovery was made wherein by raising the !
. drawing temneratures to just under the melting range of the polymer, 475 F in i
1 this case, one could attain tenacitles of nins and over at only N% draft or b
- draw, Tenacities of nine were attained also at 28% draft. So it was an

: 3 ' important finding that as lcong as the extent of drawing was sufficient to gain
T some mechanical orientation, it was far easler to process the yarn nearer to .
o its melting range in order to gain strength without inducing filament breakage, ia

i3 ' First samples of woven fabric were rather looss, or were too tight and it
appeared desirable to have a yarmm of intermediate denier. The DuPont Company
was-approached to supply a yarn of 300 or 150 denier. Sixty pounds of 162
donier, 68 filement, Type 5100 Dacron yarn were obtained with a temacity of .4
' erd 94 elongetion. The somewhat different properties of this yarn was believed
n to be due to a greater amount of drawing of the yarn by DuPsnt in the filament
G ' manufacture, After some minor difficulties, this yarn showed great promise for

its high strength to welght ratio, and it was decided to use this 160 denier
mterialo

: A difficulty arcse in that the DuPent Company decided not to make the 160

4 denier yarn available as a commercial item at the time that matsrials were being
procured for the fabrication of the prototype structure, in the fell of 1955.

It was then necessary to revert to 220 denier yarn, in a slightly heavier wive
to avoid having any part of the development not commersially svailable, - -

WEAVING =

1 In wsaving there were many difficuliles to overcome in using flat, low
twist yarmns in a loose, flat, lightweignt febric, Filament breakage, lack of
sizings, uneven weaving and poor hindling propserties were eventually overcome

much to the crsdit of Stern and Stera Textiles, Inc,, Hornell, N, Y.
First fabrics of 47 x 47 count, 220 denier yarn come off the loom with b
gnags and slubs as well as reed marks and wrinkles, Fabrics with a 2 x 2 taffeta ;OM
weave construction were woven with more success; especially by weaving with duil o
warp yarns and weaving two picks in the shed, which involves the passage of two S
fill shuttles through the varc shed for each mction of the heddles, Howsver, "
the resultant fabric was too looss or sleazy for the coating operation, A cor= :“j
promise 2 x 1 taff'eta weave wus not entirely satisfactory in the desired weight. p}
The need for a 150 or 300 denier yarn, as meniloned before, became evident. ‘s
But since the desired yarn could not be obtained for production weaving and ke
coating, the 220 denier yarn was used in a fabric that had a breaking streangth o
of atout 450 lbs/inch and a weight of atout seven ounces/square yard, This Lo
fabric wet the light weight requirement. The fabric construction and weight ol
could be modified to Fit the strength requirement of its intended end use. . \,:2
[ 0]
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COATING -

The use of Hypalon was docide‘d‘ for it possessed the desired properties,
especially weather resistance, Of first consideration in this area was the use

of prucnats for (1) possibly enabling easier bandling, (2) prongting adhesion
of coating and (3) possibly reducing moisture absorption.

Precoats of MDI (4, 4' - diisocyanatodiphenyl methans) were seen to promote
adhez’on of Hypalon to Dacron fabric, particularly in lap Joints at elevated
temperatures, Fabrics wera precoated by slashing thru a A% solution of MDI in
toluene and then coating as soon as solvent was lost to avoid moisturs rick-up
by the MDI, The adheaion was satisfactory in that psel strengths of about 10
lbs/inch were seen in cemented lap Joints while the adhesion and shear strength
was greater than fabric strength for the 1ight weight fabrics.

Initial elastomer formulations for the Hypalon coating stock were those
recozmended by the supplier, A two component system was used, one containing
the Lzll. milled dispersion of elastomer, stabilizers and solvent, while the

sccond part contained vulcanization accelerators, curing agents, pigments, etc, \

in a cazpatable dispersion., ILaboratory coating runs gave satisfactory presults
that 1led to production coating techniques, The optimun cure of iypalon was
deterxzined by tensile tests on unsupported films of cured elastomer. Commercisl
coating techniques have been used throughout the development,

Ciring piresented many problems, for the residul shrinkage often caused
pucksring and wrinkling while most interleavening agents promoting blocking of
the coating during cure, Surface stainings and off-colors were manifold. How-
ever, colors showed littla change after considerable exposure in weathercmeters,
Some riodifications of the coating were needed, The accelerator MBIS, mercapto-
benzoithlazyl disulfide, was replaced with double amounts of Thiuram M, tetra-
methylthiuram disulfide,to give a more controllable cure, Lead acetate, used
for acid tuffering in cure, wvas eliminated to improve whiteness, This raduced
ths pob lifs of the coating but to no major consequence., Flame resistance in
heaviar fabrics had to be improved thru the use of more antimony trioxide at the
expenze ¢f same titania pigment,

Normal coabing technology lead to the incorporation of the isocyanate
adhssion preaoting compounds into the coating matesrial at least for the first
pass of the coating application., 4An outgrouwth of thls medified first coat was
the uco of a latex or a solution of unpigmented Hypalon rubber and MDI in
tolusas to impregnate the fabric and fill the volds and intergtices with elas-
tomor in an effort to reduce moisture absorption without loss of adhesion and
thus increass radar transmission under rain exposure conditions. Moisture
abgoryticns was cut to 1¥ or less even with immersed, unsealed edges. Wet
tranz:lssion at about 20,000 Megacyclesper second was 97% minimum; then dry it
wag 97f in gsuch 2 Dacralen proofed fubrie,

The Joint or geam csment formulation was modified to effect a faster,

stronzer cure, The Thiursm M and phthalic acid which had been recomnended were
replaced with Neoprene accelerator No. 22, (2 - dercaptoimidazoline) and with
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DOTG kcker {diorthotolyl quanidine). The coating dispersant was replaced with
toluene sclvent for a better cement. Tri bazic lead maleate was the curing
sgent used to effect cross linking,

Two inch lap joints were cured in an oven for one hour at 250 F and generally
had lap strength in excess of 200 1bs/inch. A loop of the coated, three ounce
fabric usually broke at an area separated from the joint, A two Nour cure enabled
the joint to withstand four hours at 160 P under 120 1bs/inch load,

At this stage a significant achlevement was noted sincs there had not pre-
viously been a cement available that would give satisfactory bonding of Hypalor
coated surfaces especlully at elevated temperatures, Joints had serrated edges
with one inch deep V slots and the aerrations were superposed to provide a cone
tinuous two inch lap joint, :

Another significant discovery was that {his proofed favric, Pacralon, and
its cement as developed, would lend itself to "heal sealing" teshniques, Such
a technique in proofed fabrics can save time and effort in fabrication, increase
design latitudes and could allow new applications for the Dacralon proofed. fab-
ric, The Hypalon cement can be painted onto the surfaces to be jJoined and then
allowed %o air dry, Ten to fifteen minutes is gensrally sufficient for lces of
solvent, howsver, satisfactory Joints can be attained even if the "painted®
surfaces are not Joined for 72 hours, The surfaces are then sezled together
with a hot iron., The joint at this stage is not coampletely cured, however,
there is a high peel strength and the shear strength was seen to exceed 200
1bs/inch in a two iach serrated lap on a loop of five ounce fabric, The final
snd complete cure can be performed on ths entire package in an oven.

TESTS AND DESIGN CONSIDERATIONS . .
Throughout this development numerous tests were performed to ses what had X

bsen accamplished against specification requirements amd for future guldance, i

Most tests were those common to the proofed fabrics trads and generally followed kﬁ

ASTM procedures. Strengths are reported on the ravelled strips and not by the ; ;:4
s, grab methed, ‘ 17 {,
. e
A\ Burst tests are designed to give a strength figure for rademe design. %
= Fabric was clamped to a flat plate and inflated till it burst, providing a 3¢
o~ stregs value according to the redius of curvature of the distorssd fabrie, ks
{ Three ounce Dacron, coated with four ownces of Hypalon, (seven cunce Dacralon) 1 b
.~ was seen to have a burst strength of 120 lbs/inch and was regarded as _ ,..g
':::. satisfactory. : 1\:
N 2
" Weatherometers, sun lamps and natural wsathering indicated that about three { _ _1'\,
N mils of Hypalon in a good coating was a minimua, for this pormitied but a few | >
| perceat loss of sirength after extensive weathering. [ 1
: @
< Resistance to ripping in air supperted structures is a valuable aspect,
N but it is difficult to accemplish and even more difficult to eviluate, Tongue i j
~ ard trapezoidal tear methods did not apply to biaxially stressei fabrica. : L
= , E%
o' {
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Puncture tests of samples stressed over a drum were difficult to correlate with
radome performance, DeBell and Richardson conceived and built a device for

. applying a biaxtal stress field that was not unlike a trampoline. In radomes
of any size, a "est panel® can for some purposes be treated as a blaxially

stressed, flat plete where the sample is progressiveiy slit in the center until
ripping ensues. ‘

‘_.
T

L
L Ty

There arose in this regard a diametric situation where jJoint strength and
rip resistance had requirements in opposite directions, since the ripping
reaistance in radomes seemed to require loose yarns of high strength that could
nove relative to one another, while the Joints required extremely scod adhesion
of the yarns to coating., Since there was room for improvement in yarn strength
and denier per end for each fabrie, it appeared more loglcal to compensate for
tearing characteristics throuzh yarn strength and/or denier rather than sacri-

) fice the wnprecedented adhesicn of coating and joints. Dacralon type fabrics
performed better than Necprens-Nylon on a given woight and construction basis.

- TV Y
L) P
»ort P

The safety factors used in air supported redomes could be reduced from
their value of about four or five, for the uncertainties in weathering effect
end dead load fatigue could te greatly reduced in Dacralon fabrics.

TTE
iy

T
e flat

N Dacralon has sn exceptional property in potential regard to acccaodsting
Li streszes in & rademe., The proof has an initially high medulus comparad to

t related materials which gives its dimensional stability at nommal conditions,
;j. . Just abovs normal loads, Dacralon can yield elastically abt medivm stress levels

T

to relieve stress concentraticns., At higher loads the modulus is again hi

and continues high until brask. The breaking strength is unprededented in
naterials of such light welght.

P
N e
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The uvnit streagth of Dacralon preofed fabrie is over 25 1bs/inch for each
ounce of total vielght as cexpared to about 12 for other types. In the bare
uncoated fabrie, thers is breaking strength of about 65 1bs/inch for each ounce
of fabric, Computing a cross-ssction and tensile from braaking strength,
Dscralen has a tensile strength of over 25,000 pai even in thick samples,
Twenty mil Daeralon pulls about 500 lba/inch before breaking. Elongation is

o
AeFe

Ay

o aboub 10-154. Filaments of th2 hot stratched or drawa Dacron have a teansile
\ strengih of about 160,000, being considsrably higher than most orzanics. Thus
i: it is w@sen that Docrolon hes an excepticnally high strength to weight ratio.
LN
"
< APPLICATIONS -
4
v M extension of the work with DaS¢ll and Richardsen called for a prototype
T radoms that would incorporate those Liprovements, It vas decided to use a

single ply Dacralon for this test gbruclure with a crowm of two ply Dacralon.
e The principal techniques of conventiscnal radeae design wera utilized with those
v nmodilications necessary to 2dapt this rew material te a prototype. This radome - _
_i with 35 feot bass diameter is now being fabricated by DeBsll and Richardsen, 4
By Ire, at Hazardville, Conmnecticut, DAL
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_ The heat sealing tectnique is being used in this fabrication, ZXach gors
. of fabric is teing joined to the next by positioning and pressing together the
lap vith & hot iron ob » tontenr form. The crown, crqwn plate, windous, ete.
are being incerporated inte the structure by similar tocimiques. The completed
radoms Wiil then be cured as & whols in an oven to effect ocomplete cura of the - : i

Joints. iy ' ;
|

The Dacralon procfed fabiic for the prototype weighs about 1i ounces/squsre -
yard, Such a Dacralon fabrie is probably heuvier than necsssary for it weuld -
pull at least 450 pounds/irch before breaking. However, its use was considered
expediont in this prototype for thers could he further weight econmmics in sub-
sequent items menufactured against specific end use requirements, Service life
under normal conditions of five yeurs minimum is anticipated. It i3 expected
that the prototype fabricaticn will be completed for delivery t. ths Alir Force
this sumer., A shipping cor*ainer ol heavier Dacralon materisl for the radcue

is alsgo being fabricated.

Of concurrent interest in this regard, there was also developed through
Rome Air Development Center by the B, F, Goodrich (ampany a rademe maintenance
coating using a modified, Hypalon based paint., The radome coating has been
designated "Radolen™ and 1s a blend of Hypalon and polyethylene in an air drying
paint that can be brushed or sprayed, It is non-blocking, quick drying and can
be made in a variety of permanent colors. It has excellent weather resistance,
eapecially against ozone while samples are under stress. It has gocd shelf 1life
and good adhesion to a variely of surfaces including laminar, reinforced plastics,
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FURTHER USES FOR DACRALON

This Dacralon proofed fabric could lend itself to other designs and
structures, Its use as a protestive covering over framed structures of
Breodesic design might be imteresting because of its strength and weathering
ability as well as colorability end its fabrication techniques. The heat
sealing tec.unique of Dacralcn could be utilized for fabricating a variety of
air supported shapes and structwres including inflated structural modules and
Jarge completed structures. Where necessary this techni-ue might be used for
on-tho-spot fabrication of rather large structures where radiant energy of a
variely of types including possibly infrered, microwave, gamma-and bata
eaergios might be used for curing the joint materisls,

"
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: Hadar anternas havs teen made of alr inflated structures, Dacralon might

SO be uprable taere for its high modulus, durability and fabriestion techniques,
L\_' 1 Extrenely high frequency rader, up to 30,000megacyclys per aecoad, might bde
Ko i ths Docralon for its light weight ur thinness, its dieloectric propertiss,

N 1 and molsture resistance, On the Lasis of preliminary tests, the dieleotric
0. P constant for Dacralon approxircates 3.5 and the loss tangent is about 0,02 at
] { - X band. Radar that requires minimum beam distortion and/or power reflsction
:&‘ i might possibly use Dacralon radomes.
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There could be a variety of other applications that couwld benefit from the
weather resistance, moisture proofness and light weight of Dacralon. CUcamereial =
terpaulins and ice or wing covers night be possibilities, Portable housings, 9
tenta and shelters cauld be considered. Protective clothing might utilise ths
lightweight Dacralon for its resistance to moisture, acids and oxidising agerts
and ite impermeability, Possible usze in airships, fuel cslle, =aterials
packaging containers and life rafts may bo realized. The yarn or fabric may
well bs used for reinforeings in various plastics and rubber products where

its high modulus, moisture resistance and chemical resistsncs could be ade
vantageous,
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In conclusion, thers has been developed a proofed fabric of cutstanding
strength to weizht ratio, exceptional weather rasistance, and which is capable
of unique applications for its excellent joint strength and simplified fab-
rication techniques. '
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FUTURE TaCTICsL BOMBER PROGRaM
V. Landis Jr.

Douglas alrcraft Co.
Long Beach Division
antenna Research & Development Laboratory

Your invitation to speak on our Tactical Bomber Program
could not have bteen more fortunately timed. It arrived one day
last spring when a group of us in the laboratories were discus-
sing ways and means of soiving some of the present and future
vroblems facing us in radome design.

Today's answer to many of tcmorrow'!s problems, whose -
sheer size and qualitative demands appear to elude human

capacity seems destined to out-distance even the most starry-
eyed prognostications. :

So on this occasion it seems befitting that we extend
our appreciation to the forward looking group of men who so
wisely chose to establish so necessary a function as this annmal
radome symposium, allowing us to take a minute off from the
hurly-burly of production and look to see what lies ahead. For
like explorers, we must, at intervals climb the highest peaks
to view the terrain ahead in order to srare ourselves the pain
of coming up hard against unforseen problems and pitfalls.

As you méy or may not know, we at the long Beach
Division of the Douglas Alrcraft Company have thus far limited

ourselves to the production of transport and troop carrying
aircraft plus tactical bombers.

a tactical bomber may be defired as small or medium
sized high speed aircraft with the capability of delivering a
large pay load of destruction up to one thousand miles, at :
altitudes of 25 feet to 60,000 feet and return. It must carry
communication, bombing, navigation, ILS, IFF, ECM (both passive
and active), DF, 1R, evasive muneuver, confusion repeating,
rendezvous and computing equipments, rlus many others almost too
numerous to mentlon. It must have the speed of an interceptor
and carry the bomb load of a B-36 in all weather; and it must be
capable of being maintained and serviced in the front lines with

a minimum of ground support equipment. To say the least, the
taczical bomber is designed as an extremely versatile weapons
systen. T ~

There ure many problems aheud of us, but one of the
foremost coufronting Rzdome Designers and Sngineers today 18

that of the extreme temperature Increases on the radome, due to
aerodynamic heating. ‘
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In our present program wa are concerned with temp-
eratures of 340°F at speeds of MiCH 1.5 at sea level, to
- . texmperatures ol 2,000°F at speeds of MaCH 5.0 at 100,000 feet.

At speeds only slightly higher than MaCH 3.5 (2700 ¥PH)
it is no longer purely a problea of lacking knowledge for
solutions, but we face a serious gap in our knowledge of the

~ problenms.

at higher temperatures and pressvre, the air can be
disassociated into separate gaseous componenis. a4t still higher
figures vlectrons can be displaced and the air can become
lonized. Soms exploravory tests into this reglion have indicated
chenical reactions as well as cechanical reactions.

On the urgent 1ist to extend the bounds of our
scientific knowledge are:

' 1. Fundamental studies of heat transfer both from
gases to solids and within sclids. '

2. .Studies of nuclear bond within solids

3. GStudies of why the effects of temperature bring
about the loss of structural stirength.

a drastic chahge in the presently used radome materials
and techniques is eminent in thas immediate future to eiiminate
th2 existirg design deficiecncies of our future alreraft.

- We have made sone progress irn the structurzl quzli-
. : ties of plastles, ceramics and silicons, some in fabrication
S technlques and othars in basic radome design. Howaver, a

- i corpletely integrated solution to thase many complex problens
still eludes us.

It is no longer feasible to design a hemisphsrical
| ' radome, drill a few holes arourd the edges, fabricate an attach

ring ard mount 1%t on the front of an aireraft. In many cases the
rademe 1s an integral part of the primary structure of the air-
craft. as the speed requirerents incrkass the radore pecomes
longer and smaller in Giameter and angles of incidence Jump from

> 0° to 50°, to 40° to 85°. Our structure people teli us it must

| te extremely thick to carry the loads. Our systems people say

f 1t zust have 90° transmission znd 3 MILS boresight arror in order

X Lot to degrade system opsration. Our aercdynamic people tell us

A the only place to obtain accurate air fiow data is to put a2 pitot

{ tube square in the center. COur operations analysis people tell

" us the pitot tube must have in-flight refueling capabilities, and

: the rroject psople tell us it -ust be anti-iced to obtain ali

t weatner operation.

.{

\
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Our radomes must not only meet all these requirements,
but because of thier missions they must be capable of with-
standing nuclear radiation blasts up to 2000°F for 30 seconds
and still not absorbd encugh heat to cause damage to the housed
equipment rated at 180°F. This means a reflective coating. TEis
coating must withstand rain and hail erosion at high speads and

. temperatures and yet not affect transmission.

The radomes must be impervious tc chemical reaction
due to Jet fuel spillage. They must be capable of possidly
flying through clovds of uitrous oxide and monatomic atmospheric
oxygen that may be used for photography or ECM, without physical -
damage and they must withstand pressures subjected at altitudes -
of 100,000 feet and maintain a pressure seal. ' ,

The here-to ralatively unimportant problem of radomes
for flush mounted antennas loons up now as a new area for work.
The problems of ionized air, hea® and voltage breakdown at high
altitudss can no longer be set aside.

: Thase are but a few, but may suffice to indicate the
trend that i1s so sminent in the growing magnitude of unsolved
provlems lying ahead.
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So, today I would like to suggest some areas of serious
daficiency that cry for acticn. There are several for us to
choose from, but three comzmend our instant avtention. I speak
of a looning shortags of usable radome matserial, a deficiency
of technical manpower that i3 already with us and a growing
dearth of new, basic knowlsdge.

Everyous of these in an essential ingredient of our
success and cach is sufficlently critical now ¢o pose a threat
for the future.

e I YT

Tiizsa prodblems are now sufficlently commandling to
demand an evaer increasing oxperditure of time, manpower and
deliars in ressarch and develepzent programs.
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Wa must look ahead, recognlze areas of both deficiency
and plenty, tThea plan and act accordingly.

It i3 ovideont to all uof us that there is a desperate
need for trainced Engineers and Physicists and especially trose
interested in this highly specialized fleld of radome design.

DR R T
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The dopendence upon. you and tha athers in kiadred :}
enginsering and scientific ficlds 1s @ very real and conscientious W
thing. In more ways than wa readily reallzs, it 1s upon you, i
whom we raely, not only for our progress but }.'or our protection. it

to '
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There is more truth than fiction in ths story of the
devoted oid ‘lady who began hsr morning prayers with these words,
tGive us this day our daily bdbread and enough Eugineers and
Scientists to keep us alive until tomorrow®.

Whether we llke it or not, we are 1n a race for
technical supremacy with those who order the sffairs of the o
Communistic states. The stake 1s frightening, it is the continued
existence of the free world and perhaps man hiisself. :

We are at the threshold; possibly a:ross the threshold
of another of the creative surges that have murked the great
epochs in the history of man's progress. The circumstance is by
no means of our contrivance alone. But while a little fatalism
is not out of placs, indeed it 1s essential. Our wine is from
our own vines and to think otherwise would bse folly. The chal-"
lenge is clear, exhilarating and direct. We have little choice
but to meet it heid on and we must not fail in the opportunity

it provides. _

All in a)l, the plcture is ons of immense responsibility
and great promises. Certainly a fileld which has come so far in
so few years can ba expected to meet the challenge with every .

success.
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THE EFFECT OF COLLIMATION ERRUR ON
PROPORTIONAL NAVIGATIONAL SYSTEMS

D. Mayers
Hughes Aircraft Company

Proportional navigation is a guidance system which corrects to a
collizion course by attempting to make the vechicles rate of change of
heading proportional to the rotation rate of the line of sight to the target,
In mathematical notation, then . :

() Y =\

y and o are, respectively, ths angles which the vehicle's velocity
vector and the line of sight from that vehicle to the target make with an
arbitrary reference line in inertial space, Y and G are the time'rates
of change of these angles, \, often called the navigation constant, is
simply a constant of proportionality.

When line of sight angle information is provided by a radar seeker,
filtering of this information is used to smooth target ncise, Typically,
the system may resemble that provided by two simple lo-pass filters in
series, In practice, then, the navigation equation looks like this

2 .
(2) ©“ T '3:4— + ({l +'\'2)‘%‘ + i = A

T 1 and T, are the time constants of the two lo-pass filters, This
equation ¢an ge recognized as a description of damped siniple harmonic
motion,

Radome, or more properly, collimation errors cause a displacement
of the apparent line of sight from the true line of sight, If the component
of this displacement in the direction of motion of the true line of sight is
called 7, then the effect of this error must be taken into account by adding
A 1| to the right band side of Equation (2). Now the system is operating on
an apparent line of sight motion, &,.

2 . ’ .
d_ ¥ dy s - 2y =

(aa) [
%a
It is assumed that in the limited portion of the radomse with which we
are concerned the change of the collimation error, 1} » 13 linear with changes

in the radar antenna offset angle from the vehicle's fore and aft axis, I
this offset angle is called B, this statement of linearity may be written

(3) A= 1B
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The coastant, K, is the collimation or radome boresight -lopo. It
should be noted that K is positive for a change. in apparent line of ng__

in the same direction an the change in offset angle which caused ity

To show how the collimation boresight error interacts with tke vehicle's
turning dynamics, some further substitutions must be made, First, the off-
set angle, §, may be written in terine of the angle, 6, which the vehicle
axis makes with the original inertial reference line and the trae line of sight
0. This can be done strxctly only when the antenna axis i3 ideatical with

the true line of sight, In practice, tracking errors are very small com- 2%
pa:ed to offset angles and this simplification gives accurate results whare - g
K is of the order of 0,1 or less, With this understanding, then, I8E

. . . {3

4 Bp=0-a

&

T e

YA st

Here, again, ﬂ is positive if the offset angle ia mcreasing. Substituting
once more into Equation (2a) :

2 o
d dy + ¥=2AF + KAD - KOG
(%) “'1"'2;1?!! tn r) g Ty -

i Rl gt o g

3¢ E ei‘.x’ 0 8
a":’# T _a.vl%%ﬁm prs:

=\l -K) & + K\O

AT 25 8

The axis of a turning vehicle is not in general coincident instantaneously

3 V\'
-i,\,.'; with its velocity vector. The angular difference is called the angle of attack, -‘=a
o a, and in general for smooth turning is in the same plane as the turning 3 ‘6;'\\1
% trajectory, One may describe this mathematically as follows: ‘

. - E‘*.’a

oy (6) e =0 - Y

- W

or rearranging and differentiating with respect to time
] (6a) § = a + §

The configuration of the vehicle determines the angle of attack necessary
to cause a given turn rate, Thus it may be written

(N a=%%

(2L . NN

7
-t

< s

‘::n The constant of proportionality is called the vehicle's furning time
u constant, Substituting (7) and (6a) badk into (5),

5 (8) LY v mrry Fay- 5 % 3
e T T2 ) 17 @ Y EAA-KIG AR+ L)
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Equation {8a) is more complicated than Equation (2) but also describes
damped simple har.ronic motion, It can be seen that when a steady state
condition is reached, i.,e, the higher derivatives have vanishad, the per-
turbed proportional navigation equation becomes

o ¢ - ANsH .

It can be seen that if k becomes as large as 1/\, the system gain
becomes infinits and furthe» increases in k will actually cause accelera-

tion in the wrong direction, This, then, describes one stability limit on
collimation boresight slope i.e.

(10} khgl

In order that damped simple harmonic motion be in fact damped and
therefore stable, the first order or damping term must be positive. There-
fore, another condition for guidance stability in the preseace of a boresight

slope is derived by setting the first order term in (8a) equal to, or larger
thaa zero, hence,

i) g +7, - A 30

or
3 +'|:‘z

*s

These equations describe then the maximum positive collimation bore-
sight slope consistant with guidance stability,

(l1a) kg

" Negative stability limits can be derived in many cases of interest by
including in the guidance equation the vehicle's transient turn rate response
to rudder signals, This response is in general of the form of another damped
harmonic oscillator, If the resonant frequency of the vehicle's transient
response is considerably larger than the tracking system resonant frequency,
the following approximate negative stability criterion may be derived,

-Zfo b)o‘r‘ 1‘2

(12) kx> 5y

Here wo and & o describe the resonant frequency and damping constant

of the simple harmonic turn rate responsa, andq,-l. T, and T?S are as dese-
cribed efors,
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If the matkematical model of the guidance syatem is extended to R A CLIL LA

include both the pitch and yaw planes of guidance it is found that siiilar
stability criteria oxist with regard to the component of collimation
error which is at right argles'to 7| . A collimation cross-talk slope
kx is described as follows: '

3 o, -k 8

Here f)_ is the apparent motion of the line of sight at right angles
to the chané‘o in offset angle, In this two dimensional case the stability
limits for crosstalk and boresight slopes are interdependent and a typical
stability boundary diagram is shown in Figure II,

It should be noted, however, that the effect of collimation errors on
guidance accuracy become proncunced long before the system becomes
unstable. A typical curve of guidance miss due to scintillation noise
as a function of positive boresight collimation slope alone is shown in

Figure III,
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DEVELCPMENT OF A VERY HIGH TEMPERATURE RADGE

By
Irving M. 21f¢

Zepdth Alrcraft
Mm’ Calif .

With the conquest of 250°F to 350°F sandwich radomes within grasp, planning and
investigation of the next thermal plateau had commenced at Zenith, While
superficially looking over the awenues of attack, a very real obutacle was placed
before us — an immediate need for a 500°F to 650°F radome able to withatand
thermal shock to possibly 1500°F. The two materials available most closely
approaching these requirements wers Dow Corning¥s DC 2106 silicone laminating
resin and Hexcel's CTL core. The CTL core is glass fabric base high temperature
phenolic honeycomb and the DC 2106 laminating resin for the skins was preimpreg-
nated onto fiberglass fabric. Tks sandwich construction was to be ons-hali-inch
overall thickness with ,410-inch thick core. The outside and inside skins wvere
to be .060 and .030 inch, respectively. Several mechanical strength requirements
that had been set forth werc flexural skin stresses of 10,000 #/in? at 500°F
after one-half-hour exposure at 500°F and a room temperature bending moment of
200 in-1b/in, width after a one-hour soak at 5009F, Of these requirements Zenith
was only to perform the room tezperature tests as a quality control measure.

A pre-production development program was started without delay. Autoclave
molding with vacuum bags on the part in female tooling was the apparsnt epproach.
This was adopted after initial irwestigations and consultation with vendors.
Beside the actual problems relatsd to obtaining optimum properties from the
constituents, the auxiliary materials for achieving the process had to be investi-
gated. Release from the platens and molds was readily obtained with a thin coat
of wax paste followed by a film of silicone release agent. Conversely, several
investigations were necessary to find a releasing material for covering the top
side of the lay-up. It was painfully discovered that cellophans and mylar

would tend to fuse into ths silicone skins at cure and postoure temperatures.
Ferforated teflon-impregnated glasas fabric was finally accepted as the topside
releasing agent. On top of this, industrial glass mat was used as a bleeder layer
for achieving effective vacuum ovarall.

Polyvinyl alcohol was initially used both singly and doubly as the bagging material.
Possible bag leakage necessitated a search for another bagging material. The
outcome of this was the adoption of silicone rubber coated glass fabric. This was
rnacharically sealed to the mold using a gasket of high temperature zine chromate.

Several combinations of flow and resin content in glass cloth preimpregnated with
DC 2106 were tried. The combination that finally evolved as best suited to fulfill
the molding requirements was a resin content of 34% to 38% and a flow of 1% to
168, The flow is determined under 100 #/in? at 3,0°F. The volatile content to
which this material is treated is below 13%4. The gel time of the resin under
these conditions should be around 23 minutes at 340°F.
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In laying up the first test panels it was found that due to the bulk factor it
was necessary to pluce the top skins in position when the build-up was level with
the core. The bulk factor referred to 1s a ratio of the uncured to cured
thickness, When the top skins were {n place the buvild-up was completed. This
gave a burying eoffect of the skins on the molded part, which became desirable

as upon finishing the edges for attachments the danger of cutiing through the top
skins was lessened.

After testing the first sets of panels it was evident that an improvement of the
‘cnre bond was necessary. Commerclally avallable adhosives wers avoided as their
electrical properties as well as their ability to withstand the thermal shock

were questionable., A core treatment was developed frcm which the flatwise tensile
proper-ties were improved as much as 65%. This treaiment consists of etching the
core in a 204 caustic soda solution for one-and-three-quarter minutes at 140°F.
The core is immediately neutralized and rinsed in water. After complete drying
of the core it is coated with silicons resin to the original deneity of 6.5 #/ft3.
Curing of this resin coat is critical, as too rapid a cure causes boiling of the
toluene sclvent which in turn causes a weakening bubbling effect.

Under pressure molding the dimpling of the skins betwesn cell walls of the core
was excessive, This was true even vhen molding pressures were reduced from 95

1o 45 #/in?. Another problem was filling of core cells with resin which drained
from the skins. A novel idez of placing a precursd ply of material one ply away
from each side of the cors vas adopted, This, for the greatest part, eliminated
Aimpling as well as excessive flow nf resin into the cors. It was discovered that
whe secondary bond obtained to the przcured ply was equal to a wet lay-up inter-
laminar bond. Initially the precured plies were cured between teflon sheets and
then sanded. Sanding was later eliminsted by curing betwesn unimpregnated sheets
of a fine glass fabric and tearing them away after cure.

Another very important factor is that upon completion of cure it was found
necessary to maintain pressure until {ns tewperature has been reduced to 150°F.
Otherwise un unbonding or delanination of the skins is likely to occur., It may

be noteworthy at this point to mention that silicone skins of this type are porous.
This is probably advantagsous as indications are that the CIL core gives off a
degradation gas even though fully cured. In addition, any residual toluene would
boil cff at approximately 250°F, Either of these gases or a combination thereof
could cause unbonding of the skins wers they not porous.

At this stags tests were conducted on parts fabricatel by the evolved process.
These tests gave values equal to or exzeceding the required bending mement. Values
ranged from 200 in-1b to 250 in-1b/in, width. The process was then adopted for
production fabrication of radomes. Przduction schedules wors such that the tine
required for heating and cooling of the autoclave mads it necessary to investigate
the feasibility of vacuum beg rmolding. Investigations revealed that the use of
augnented pressure was not necessary. A corollary advantage of the use of lower
prossura vacuun bag techniques was the elimination of the nced for precured plies.
Production processes were finallzed by adapting all the previously discussed
developments using vacuum bag molding in conjunction with oven heatling for cure,
In addition, the construction was modilied such that the inside and outside skin
thicknosses were .050 and 040, respectively., Thus the meeiing of production
schedules was essentially accomplished without sscrificing surface conditions or
structural integrity.
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With radomes flowing off the production linz research is far from complete. a:
Evaluation of new materials is alrsady in progress. Prelimlnary results obtained x

with a new silicons impregnated core material lock very promising. Production
problems cuch as warpage developed during cure sxnd postcure ars obstacles ta
overccme. Investigation of core bond improvemeni has barely been scratched, and

a thorcugh investigation of the erpirically derived flow-resin content-pressure
relationship is imperative.
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MATERIALS PROBLEMS IN ARBORNE RADOMES DESIGNED §
FOR HIGH SPEEDS

by
R. A. Spurr, Senior Staff Chemist
e and
G. D, Robertson, Head of Materials Application Section -

Plastics Department
Research Laboratories

\ 1 7 Hughes Aircrait Company
o : Culver City, California
I o I  INTRODUCTION

The task of choosing materials for radomes to be flown at supersounic .
speeds is a difficult one. Before the design of a radome can be started, it is
nedessary that the designer have on hand adequate data corcerning electrical
ard mechanical requirements, Thcz2 is presently no simple line of reasoning
b7 which he can proceed directly from this information to the selection of an
N appropriate material, The complexity of the problem is indicated by Figure

2 1. Because of the interrelation of the many factors involved, selection of an
adequate material requires a careful balancing of 2 number of considerations
i - and usually results in compromises in the degree to which each requirement
is met, The choice is made more difficult by the lack of data on the per~
R formance of most materials under the conditions expected in ilight.

: It is the purpose of this paper to point out certain lines of inquiry which
A : may be helpful in the selection of materials or in the development of new ma-

. terials. It will not be possible in the time allotted for this paper to treat the

, problems involved in a comprehensive manner. Iustead, after a brief discus-
* sion of some general counsiderations, a description will be given of .experimen-
tal work being carried on at Hughes Aircraft Company with the aim of filling

§ gaps in the existing information conceraing properties of materials. Much of
, the work reported deals with the effects of aerodynamic heating, curreatly

; one of the important factors in radore design and material selection. Dis-
cassion of this topic will point out some of the interrelationships suggested by
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. - } Figure 1.
E O. EFFECTS OF AERODYNAMIC HEATING s,
A A. General Considerations j
{ ' Stagnation temperatureg eucountered at different altitudes and '*,j
e velocities are shown in Figure 2A., It should be noted that the temperatures . %
& of the boundary layer air and of the radome surface are generally lower than \_&'
: the stagnation temperature, as shown in Figure 2B. The data plotted in ’_.'}
. Figure 2B are for operation under transient conditions at altitudes from s
R 35,000 to 100,000 feet for an intercepicr radome with a surface emisasivity of - O
¥ 0.9; the indicated difference between t:e boundary layer and surface tempera- ’, 'q:
. tures is due primarily to the loss of ezergy from the surface by radiation and ' E
: by conduction through the radome. Tze hulk c¢f the radome remains at tem- A
e peratures considerably lower than the surface temperature. For these ,
.
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reasons design considerations based oz stagnation temperature alone are un-
necesaarily severe, ' '

The important deleterious or potentially deleterious effects caused by
heating fall roughly into two categories: reversible and irreveraible. Re-
vergible effects include variation of modulus, strength, and dielectric prop-
erties with ternperature. Irreversible effects can occur in the following
ways: 1, orgauic material in the radome may bz oxidized; 2. material
may be thermally degraded by nonoxidativeprocesges; 3. absorbed moisture
or contasined gas may be rapidly exparded with the formation of blisters;

4, stresses set up by temperature gradients may cause delamination or
crazing, '

Estimation of the effect of temperature for both reveraible and irre-
versible changes must include consiceration of the length of timme during
which the material will be at high temperature. The shortness of some mis-
sile flights makes possible the use of materials which would degrade during
long exposure {0 the peak temperaturesencountered. For example, one ma-
terial which loses stxength and also begins to depolymerize at relatively low -
temparatures has beean successfully flowa under conditions which produce
maximum svrface temgperatures of 5253°F and average surface temperatures
of about 350°F. The strength of this ma‘erial, as shown in Figure 3, would
not appear to be adequate upon first consideration; however, because of its
low thermal conductivity and the short Qight timeas, the temperature of the
bulk of this material does not increase appreciably. Comnsequeuntly, the ra-
dome performs satisfactorily.

Tests on rademe materials have been carried out at many temperatures
and the results are ofien difficult to compare. It is helpful in ranking .na-
terials to have a way of relating the rate r of thermal decomposition at a
given temperature T to the rate r, which would be obtained at another
temperature T,. The followiag equation may be derived from the well-known
Arrhenias relation:

s b+ bt o g 1l G o e i A e B Pk by o #4200 e

B r "Efl I
‘N -—:exp_r- - )] _ (l)
N T -x (1 T,
SN
','\.'rj. whezre the rates r and r, raay b expressed in percen deccmposition ser unit
{ﬁ:{ time, I is the activation energy of the reaction, R is the gas constant, and
e T and T, are absolute tecmperatures. A rule of thumb is that the quantity
i‘:. E/R is about 30,0000K for ithe nonoxi<ziive thermal decomposition ol many
%a ; plastic materials, Expressed more specifically, a rise of 159F in *em-
Sul i parature causes a doubling of reaction rate in the region from 600 to 700°F,
n"” . .
:::,: A B.  Electrical and Mechanical Behavior
!g‘- n i . . °, . . -
bt z Investigations of the charzcieriatics of materials at elevated
i temperatures have been concerned witx evaluation of specific electrical and
.‘ ; mechanical factors. Measurements of such electrical properties as dielectric
< i constant and loss tangent at high temperatures are difficult, but progress is
‘: i being made in obtaining reliable values. Figure 4 shows tie reversible in-
_':;\: i crease of dielectric constant with ternzerature for four fiberglass laminates,
e ;
.,-n\'\::‘ i :
£ ADS TR 564393, Vol I 2
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IU, NEVW EXPERIMENTAL MITHODS
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N Among the materials shown, the rate of incraase is greatest for phenoiic and - b
N least for ailicone; epoxy and TAC-polyestor show an intermediate rate. The S
>y dielectric constants for silicone and phenolic laminated panels held for vari- . _J
‘ " ous times at bigh temperatures are compared in Figure 5. The severe heat- d C-S
e 3 " ing of the panels indicated on the figure hrought about irreversible changes in hotd
N the material which are reflected in the values of the dielectric constant ob- Bt
t\ . tainzd, The difference between the two types of laminates 2after exposure to Rel
o 750°F for two hours c2a bs seen easily {Figurs 6%); almost all the resin has A
e been burned from the phenolic panel but the silicone laminate appears to have g ®:
b suffered no parmaneunt damage. ) N

B ‘.\:9
. Partly because of the ease with which ultimate flexural strength canbe { ,.'
> measus2d, wido use has been made of it as a means for rating materials. TG
;:‘_ A decrease In this quantity with increasing temperature may, like changes N
s in the dizlectric constant, be reversibls or irreversible in cLaracter. it Ot
: should be noted that room-temperature strength is no criterion of performs- 3
! ance at high temperature. Thus a resin which shows extraordinarily high
;&j ‘ strength &t roor ternperature may be considerably inferior to another resin
(0 at 5C0°F {sce Figure 7). Oxidation may be important in the degradation of
Ky resing at high ternperature. As chown in Figure 8, exposure of samples of
pheuolic iaminates to 560°F for five hours in a noroxidative envirouments
o cauiad owly a nlight decrease in room temperature flexural strength; the
"4 decrease was marked when oxygea was allowed access to the sample.,
- The aerodynamic hacating which occurs when a missile radome is i
- rapidly accelerated to supsrsonic spceds produces thermal shock, because
A the thermal gradients formed may give rize to severe stredses within the
A radome. igure 9 ghows the temperatures of the outer and inner surfaces
O of an alumina coue immexscd in a bath of molten metal, By sdjustment of
! the baih temparature and the time of immersion, a wide variety of flight .
corditions may bs simulated. Laboratory reaults have been correlated to
e some dcgree with similar results obtained from actual flight tzsts. Hughes t
f’-‘ ! Aircraft Company is conducting a series of auch tests from which considerable
S temperaiure ¢t have been vecured. {See "Temperature Data for the Falcon
<1 Radome, " by J. H. Beno, R. W. Quint, and E, F, Smith, presented at this
! ! Syrapoaium.)
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Iixisting plastic materials are not in general suitable for the highe

. temperature rcquiremonts which are expected to be imposed by high-speed ;
< aircrait and missiles to be developed in the nsar fviure. The course of L
_g I davelopment of the new materials needed will b¢ guided by invesiigations bt
ol of relationships between composition and molecular structure on the one hand AN
vy and phyaical and thermomechanical proparties on the other. Several studies L‘ DR
o of these kinds involving the use of recently perfected instrurnental methods o
¢! have been undertaken at Hughes Aircraft Company. b
L [
i In the study of plastic materials intended for use at high temperatures, P d
- infrared and ultraviolet spectrometers have a number of applicatious. It is \'
o poasible, for example, to analyze resins of unknown compesition, to detect §
s the appearance or disappearance of functional groups as a result of oxidation, A
N and to identify products of thermal degradation. Spectroscopic methods are s
o i . particularly appropriate for thermoseiting resins, whose insolubility in the ; o
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common solvents makes them difficult to analyze by orxdinary chemical
methods, ’

The usefulness of the X-ray diffractometer is fourfald, First, it pro-
vides 2 means of quantitative analysis of compounds. The principle of the
analytical method is shown in Fiigure 10 ia which the intensities of the char-
acteristic scattering peaks of anatase and rutile are related to their abun-
dances in titanium dioxide. Second, X-rays yield information concerning
the distribution of intramolecular and intermolecular spaciugs in a ma- "
terial and serve as a measure of resin cure. In Figure 11 it can be seen
that the peak of the scattering curve movzs to longer distances with in-
creasing cure time of a phenolic resin. Third, through small-angle X-ray
scattering, information couceruning molecular chain lengths is obtained.
Fourth, X-rays establisn degree of crystallinity”? which affects elastic mod-
ulus and ultimate tensile strength.

The electron microgcope yields structure in greater detail than X-ray
ccattering. In the electron micrograpas of a phenolic resin shown in Figure
123 tae spots of high density may be considered as polymerization nuclei of
the plastic. These regions probably have higher cokesive strength than the
relativcly amorphous regions surrounding them. The spots are most readily - -
visibls near the edzes of sections where they have appareuntly been left by
the tearing action of the microtome blade, which separates them from the
weaker matrix in which they are imbedded. In certain specimeans poly-
merization nuclei can be obssrved in some regiona but not in others. Pro-
longed heating apparently increaaes the number of the nuclei, 28 can be seen
in Figure 12, %

1z the measurement of elastic modulus with the usual physical testing
machiucs, it is difficult to control the temperature of the sample; in addition,
there is generally no provision for controlliag the atmmosphere surrounding the
sample. As & regult of thesze ccnsiderationa an appuratus, shown in Figure
12, baa been designed to measure at con®rolled temperature and atmosphere
the natural frequency cf the sample in the form of a vibrzting reed. Young's
modulusg is given by the following expression:

4
E=Kp -I—'z- £ (2)
D
where E is the modulus, p is the deunsity of the material, L and D are respec- ARV
tively the free length and the thickness of the reed, 2nd f is the resonance Y
frequency in cycles per second.4 If raetric units are used throughout, K has i

the value 38,24, The logarithmic decrement 5, which is a measure of the
internal friction of the reed, is given by the equation

-f
1

6 = - (3
vy

where f, and f) are the frequencies (just above and below the resonance
frequency f) where the amplitude has one-hailf its maximum value.
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IVv. CONCLUSION

Much of the research and development activity discussed here has been
undertaken only receutly. Preliminary results, however, are encouraging,
aud it is hoped that some of the ideas presented will stimulate work else-
where. At auny one institutioa only limited coniributions can be made to the
store of knowledge. If preseant high interest in the field of radomes continues,
further progress will uandoubtedly be made in the development of materials

for high temperature uses.
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Figure 6. PBehavior of phenolic aud silicone laminates on exposure
to 750°F {Photo No. R 38778 - Phenolic, Photo No.
R 38779 - Silicone)

Figure 12. Electron micrographs of phenolic resin panels (left)Post-
cure for 4 hours (right) Postcure for 428 hours
{micrographs)
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Figure 1. Interrelations of typical
requirsments and design
parameters

Figure 2A. Stagnation temperature as
a function of Mach numbexr
for various altitudes
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Figure 3. Effect of temperature on

o % ©00 the strength of a radome
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Figure 4. Reversible effect of tempera-
ture on the dielectric constants
of fiberglass laminates
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Figure 5. Irreversible effect of tempera-
turc on the dielectric constants
of fiberglass laminates
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: 3 Figure 10. Analysis by X-ray ecattering
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PROCESS SPECIFICATIONS

By
Fred T. Breven

Zmith Alrcraft
Gg;ﬂena, Calif.

Today, radomes are used alaost exxlusively by the Military. 3This being the case,
all requirements of the gowrnimg military specifications must be observed along
with all thosa of the individoal prime contractore —- the alrcraft manufacturers.
Occasionally, a potential fabricator may be awed by what may sesa to him to be
an overwhelming set of specification requirements. These requirements need not
be merely burdensoms, but mey serve many useful purposes for tts fabricator. We

will discuss one that of preparing process.specifications, and indicate
some of the useful features shich process specifications may possess.

Iype and Scopes

Each of the specificeiions covering radomes and the materials which go into their
panufacture requires of the radcze fabricator a process specification which is

to describe details of manufecturs and control of process varisbles. Done properly,
the preparation of specifiestions can be a time consuming job; kowever, again done
properly, the specificaliom is a very useful dccument. Thus, we have an alterna-
tive betwsen a specificatiom which serves only to comply with the required
fomalitles or one wkich is well founded on sound engineering ard manufacturing

practice and, as such, is a ready reference for all phases of rart design, planning,
and production.

Once the course 1o be takem has been decided, a fabricator has the cholce of
preparing two types of specifiscations, First, he may prepare a specification for
each part which is to 2 ramfactured. In this case the task is simplified in

that norrally only one resim, ons type of core material, one metled of construction,
etc. are employed. Ths disedwantaze of the "part specification® is the large
nurber of documents wiich wiil be required. The second choice is to prepare one
set of specifications vhich can bas assembled Into a manual which will cover all
rhases of production for 211 types of parts. In this case, obvicusly, the
specification for each phase must necessarily embrace all variations in the process
wadch can be anticipatzd. Since the variations and combinations thereof are

almost infinite, some Jegree of standardization must be employed.

zZonith has chosen the latter allernative of the large-. cope specificatlions.
Exhibit A, the index to Zenlih's specifications, shows the field covered by these
specifications., Each of the Individual specifications normally contalns several
variations in procedures. In order to minimize the variations while maintaining
the required quality levels, a)l processes have been established to provide
optimus part characteristies. For exsmple, the various cycles ol postcure for
certain ¢f the bhigh and intermediate temperature range resins cculd be all but
Innumerable, but the posteuve vhich has been determined by test o provide maximum
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properties is selected. Ragardless of how low the stress lavels of a part are
with respect to the calcnlated allowables, the postcure which provides the
maximum properties 15 selected. Carrying this staidardization further, the .
designer snd productioa plsmmer +ill have only one resin and cure system to
choose which w11l fulf1ll the requirements of ths Job at hand, Still further,
with a given set of purt requivemsnts, tcoling and production facilities,

only one riaterial or combinstion of materials end one process will be selected

for the job, In this way the myriad materigl and process variations availe
able in the reinforced plasties fiald are ¢onveniently reduced so that the
best combination for a job is choren in much the same way as the metal working
industry can c3ld out a certada alloy or heat treatment,

Form and Uagge:

If the specification 1s to accomplish the purposes previously set forth, there
are dsfinite requirements for the information it must contsin. Exhibit B,
which is extracted from the Imtroduction to Zenith's Manual of Specifications,
establishes the general form far the specification and the information it is

to contain, The materials and equipment call-cuts sre necessarily generalized

since it often happens that a customer will supply his own tooling or at

least he will specify ths typs of tooling to be used. Also, the customer

will in many cases specify the materials to be uzed in his part, Obvioualy,
in these cases the cusiomer requirements take precedence over Zenith speci-
fications. In the absence of such limitations, howsver, the call-outs of the
specification are useful for planning, Carteinly the dstailed procedures

section is useful to both Plamning and to Marufacturing superintendents and
Jeadmen,

The usage of the specifications i probably best described by discussing its
use by different departmenis in the complete cycle of marufacturs of a hypo-
thetical part. Ivllowing the invitation to bid, the Estizatisng Department
will prepare a cost estimate. Preparation of estimates czx be assisted by
reference to gpecifications for tims estimates. Also, in those cases where
the type of construction is left cpen, the estimetor often obtains useful
information by consuliation with the specifications and with persomnel of

the Materials end Process Group, under whose jurisdiction ite specifications
are prepared at Zenith, Upon award of the contract the desizn engineers start
thair work, The drawing for the part will reference the Zenith Process Speci-
fication 1A-1000 (tne Specificstion Manual code number) for all phases of
fabrication, inspection, ete, By this reference the designer has tied dowm
the job to certain processes and materials, It must only be decided thea
whethsr the part is o bs void-free, which resin and glass are to be ussd, and
80 on, The Ingineering Stress and Structures Group will determine what con-
struction is optimum for a given set of rsquirements,

The next department concerned is the Manufacturing Planning Department. Work-
ing from blueprints, the planner prepares a detailed operaticn sheet or manu-
facturing outline. It 1s hers that the Process Specificatisa plays an import-
ant role, for the planner may call for an cperation merely by raferencing the
sppropriate specification code musber. In this way, detailed procedures are
not needed on the operatiocn sheet, One significant step in the direction of
eliminating planning detail at this level has been iccomplished by establishe
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ing catalytic systems for resins and assigning code rambers thereto. These
catalytic systems have been worked out according to type of cure to be usud,
speed of gelation desired, and other such considerations, The appropriate
: catalytic system is entered or the manufacturing outline and the production
: . . perscnnel obtain the correctly catalyzed resin by requesting the listed code
1 nurber. By this procedure, resin catalysis is completely stendardized snd we
v ' can be certain that the ssme mix is always used under the sams conditions,
N & To return to our following our part, after the mamufacturing outline is

' completed and approved it is issued to the appropriate procuction departments

1 where the part will be manufectured, Experienced ieadmen and workers are

v normally csapable of working from the manufacturing outline without referring
to the process specifications for detalls of the procedure, The specifications
are useful, howsver, for reference in cases cf doudl and for training of new
and less-experienced personnel, They are also useful when new procedures
are specified and vhen standard procedures are revised,
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The "police department® at Zenith which assures that the part will be manu-
. factured according to blueprint snd under spproved processes is the Inspection
TV : or Quality Control Department. To this department the process specifications -
AR are of real value, In the absence of specificatioms, the task of inspecting
for process and quality control is so arblirary as to become completely un-
wieldy, Primarily at the request of the Inspzction Depariment, Zenith Enginee
Ing has preparsd a comprehonsive menusl on acceptance limits znd rework pro-
: . cedures, 7This manual, The Accsptance and Rework Mamual, defines in detall
e the nature end magnitude of dafects ond discrepancies which ares (1) accept-
able withcut rework; (2) revorkable; and, (3) non-reworksble. In addition,
stondard procedures for all types of rework ere estzblished. The manual has
. bgen epprovea for uec by Wright Fleld, but a great deal of work remains to be
i done {o resoive the many questions arising from the large scopa covereds The
manual 's significznce lies in its being an approach towurd ths desired end of
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~ eliminating the primitive - .3<work procedures fream quality control inspection

% \.:, of fiberglass lauvinzts and . . ic¢h radomes.

" : Surmmrizing the progress of our hypothetieal Ajob, the process specification

X ¥23 used in verying degrees at each stage of its macufacture. Its most im-

J portant rols was played in Planning, Manufacturing, esnd Quality Control, and

Si to lesser degrees olanevhare. At Zenith, the policy of basing specifications -

iy on engineexring principles has gredually emerged. Zenith specifications zre
3 ( _ prepared to reflect procedures which have been proved to provide sound

3 structural parts, It i3 in the colloction and analysis of test data which are

bt ] used as a basis for procedure specifications that ths integration of the

9! : Engineering Copartmant into the specification picturs is accorplished,

oy Dovelopmant of Process Datas

""‘i g

; ¢ ) Radomes havs tgeen neanufa tg.red by Zenith for ssveral years and certain basie

Pt { processes used in normal(l applicutions have evolved. Since the industry is

. a relatively young cne, many of the engineer 'g reqiirsments currently in use

\_} : are based upon test results obtained from the sarly radomes. For this Treason,

o} process data {or ihe marufacturs of the normal spplication radomes is now

Ng largely restricted to thesa problems which arise in production, These manue

) | (1) In the context of this paper, "normal" radesss sre considered as those

e vhich are to be usod on svbuonie aircraft, &
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facturing problems arise frez time to time and usually involve ahort range '
_investigaetions for immediate soluticmis, Typical of this is ihs problem vhich -
arose recently involving ths need for a sclvent to remove a residue from the .
flutes of a "lostewux™ constructicrie A program was set up to determiner first,
wvhich solvent or solvents would remove the reziduws; and second, what elfects,

if any, the zelected solvents will havs on the pliysical propertiea of fitere
glass leminates, The data obtained indicatsd no delsterious effect, so '
process specifications were written statings first, wvhich sgolvent to useg

second, what ainimum temperature would provide the desired repid dissvlwing

of the residue; and third, ths maximum exposure tims w¥hich could be sufely
allowed,

Standard processea for the marufzcture of radomss for supersonic aircraft

and missiles have necessarily lagged scmewhat bahind the demand for these
radomes, Since specifications for thegs radomes are needed probably even more
than those for the more standard types, it is nscessary to translate resssrch
data into process inforrmaticn almost &3 fast as it is produced, Research and
development in this category must be designed to provide process data as well

a8 design strength data. In azny of ihese cases, speed is esssniial, end

83 econ as parta can consistently be fabricated to maet the required properties
production comences. GCbvicusly, the process used in the first sttainment of
the target is not dlwsys the best approsch, For this reason process devolope
ment often continues even when production rademes ere coming off the line,

While the proceas development econtinues, the writer of ths process specification
can contribute toward the uwltixzate usefulness of the information being obtained,
Since, as Wwas pointed out in tie beglming, th2 radomes must be manufactured
according to militury specifications, it is important that the rscearch being
conductzd bs pointed tovard tks follewirg, First, is the process being evolwved -
in striet compliancs with the nllitexy zpscifications? If not, what modi-

- RO fications ere required to bring the procsss into canlisnce? Second, since

SN T g% Zenith we sre striving for ganeralized, larga-scops epscifications, how is
the information to be formulated to provida this geaeral coversze? To sscoxplish
\ this sccornd polnt, it I8 mecszsary to omtieipate preduction problezs which

nay be encountered should thw rrocess be adophed. By directipg resesrch along
the above lines, a greab doal of unnecezsary and misdirected work may be

]
) i gvolded, and the not result shenld be a relishls proceas which will e accepte
T ! able to ths Military,
.
A |
:: ] Floxibility of Specificutions:
3 :
O |
A ; The final siznificant feature of process cpecifications which we will discuss
9 . | is their flexibility -+hich will provide accuracy in reflecting trends in manue-
? | : facturing practice end in materials, Va have emprasized the irporiance of
3‘-.:_ i spacifications in their abllity to standardizs production techniques and :
K- | thereby lond themselves Lo the maintenance of quolity, This function notwith- i
v -{.\ﬁ; ‘ i s%anding, the specifications weuld be targets of serious and valid czriticism :‘
- SN by preduction if they were alicwsd to becons outmoded and cbsolescent, It is )
e | vitally important, therefore, to provide "eorrhones wiich can detect preblsma
s | as they manrfest themselvas, AL Zenith this flow of information has in the f
o i past cone directly or Ilndirectly fira the Yonifa:turing Department, and .
g Lo corrective action has beei teksn socordiizly., Uhile this zource is valucble
::_:.: i ; and will remadn in ferce, a hinherto untapped source i3 now being established.
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The Inspection Department has undarteken to maintain a log of fabrication

discrepancies refersnced to the stage of the manufacturing process at which

they occur. As the log is compiled it will provide a ready indication of

repetitive trouble gpots, When such trouble spots are detected the Materials

. and Procesa Group will be apprised of that fact and appropriate corrective

) action and revision of the specification accomplished, if the process is

found to be the source, It is action of this sort which perhaps is the best
insurancs of the success of specifications, If the production peopls are _
convinced that the specifications are able to sexrve a useful purposs and that
those responsible for the specifications are willing and sble to gid in
solving problems which arise, they are far less likely to regard the speci-
fications as part of that scourgs to production -- "paparwork.® Oace
Production discovera that specifications need not hinder the work of moving
rademes along the line, it will fully coopersts in thelr execution; and tnls,
of course, is the ultimate aim of spacifications -~ to insure that narts

‘o emarging from the production line are indeed all they were originaglly engineered
- to be, :
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EXHIBIT A
INDEX TO 2:NITH PROCESS SPECIFICATION MANUL

Section I - Adhesives (1-99)

#1 - Activating and Mixing of Structural Adhesives, Epoxy Type
#2 - Preparation of Plastic Surface. for Adhesive Bonding
#3 - Application and Curirg of Structural Adhesives, Epoxy Type

Section II ~ Laminating Resins (100-199)

#130 - Catalysis and Mixing of Polyester Resind for Leminating
#101 - Catalysis and Mixing of Poiyester Resins for Rework and Repsir

Section III - Glass Cloth and Mat Reinforcements (M)

#200 = Machine Impregnétion of Glass Cloth with Polyester Resins
#201 - Cutting and Tailoring of Class Cloth and Glass Mat Patterns
#203 - Seam Stitching of Fiberglass Fabrics

Seciion IV - Honeyccmb (300-399)

#300 - Cutting and Tailoring of Glass Cloth and Paper Base Honeycomb
#302 - Core Slitting and Post Forming Honeycomb

#393 - Interlocking of Yoneycomb Szctions

#304 - Dipping of Honeycowd

Section V - Foam (400-499)

#,00 - Mixing of Alxyd-Isccyanate Foams for Applications Requiring

N

i Compliznce with MIL-$-25392 (Proponrad; _

‘. #401 -~ Mixing of Alkyd-Isocyanate Foams for Applications Not Requiring
i Compliance with MIL-5-25392 (Proposed)

#402 - Mixing of Aikyd~-Isocranate Foams for Applicati~ns Not Requiring
F,! Complisnce 1.ith M.litary Specifica‘ions

:f #4903 ~ Curing and Preparztion for Fabrication of Alkyd-Isocyanate Foams
o For Applications Requiriny Compliance with MIL-S-25392 (Proposed)
E-.: #,0/, ~ Curing and Preparation for Fabrication of Alkyd-Isocyanate Foams
N For Applicaticns ot Requiring Complisnce with MIL-S-25392 (Proposed)
o #405 = Curing and Preparation for Fabrication of Alkyd-Isocyanate Foams
: For Applications liot Requiring Compllance with Military Specifications
AR

l':

X Section VI - Wax (500-559)

;::. #500 « Ixtrusicn of Wax
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Section VII - Preforming (600-599)

#600 ~ Technique of Prafcrm Collection
#Q' - Molding of Preform and Mat Laminates

Section VIII - Layup ‘Procedures (700-799)

#700 -~ Layup Procedures for Void-Free Glass Fabric Laminates

#7101 = Layup Frocedures for Void-Free Glass Fabric Outside Skins
for Sandwich Structures

#702 ~ Layup Procedures for Void-Free Ulass Fzbric Inside Skins for
Sandwich Structures

#7103 - Layup Precedures for Non-Void~Free Glass Fabric Larirates

#706 -~ Fabrication of Alkyd-Isocyanate Foam Sandwich Structures
(5ingle and Multipie Layups) ,

#710 - Fabrication of Single Sandwich Honeycomb Structures with Void
Free Outside and Inside Skims

#711 - Fabrication of Single Sandwich Foneycomdb Structures with Void »

Free OQutside and Noz-Void-Free Inside Skins

#7112 - Fabricetion of Single Sandwich Honeycamb Structures with Hon-
Void-Free Outside and Inside Skins

#713 - Fabvication of Multiple Sandwich Honeycomb Structures with
Void~Free Outside and Inside Skins ]

#71/, - Fabrication of Multiple Sandwich Honsycomb Structures with
Void-Free Outside and Non~Void-Fres Inside Skins

#7115 = Fabrication of Multiple Jandwich Honeyccmb Structures with NHon=- A

Void~Free Outside and Non-Void-Free Inside Skins

#716 -~ Fabrication of Single Sandwich Wrapped Wax Structures with
Void-Free Outside and Inside Skins

#7117 ~ Fabrlcation of Sirgle Sandwich Wrapped Wax Structures with
Void-Free Outside and Non-Void-Free Inside Skins

#718 - Fabrication of Sirgle Sandwich Wrapped Wax Structures with
Non-Void-Free CutsiZe¢ and Inside Skins

#719 - Fabrication of Multiple Sandwich Wrapped Wax Structwes with
Vold-Free Outside and Inside Skins

#720 - Pabrication of Multiple Sandwich Wrapped Wax Structures with
Vold-Free Qutside and Non--Void-Free Inside Skins

#721 ~ Fabrication of Multiplas Sandwich Wrapped Wax Structures with
Non-Void-Free Outside and Inside Skins

Section IX - Vacuum Bags (800-899)

#800 - Prepuration of PVA and PVC Vacuum Bags
#3801 - Installation of Vacuum Bag and Application of Pressure

Section X - Parting Agents (900-999)
#900 - Application of Parting Agents
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Section XTI - Curing (1000-10993

#1000 - Techniques of Feat Lamp and Sun Lamp Curing
#1001 - Matched Die Press Molded Glass Fabric Laminates
#1002 - Pachniques of Oven Curing

Section XII - Inspection and Repair (1100-1199)

#1100 - Acceptance and Rework Manual

Section XIIT - Finished Part Fedrication (1200-1299)

#1200 -~ Riveting of Solid Glass Cloth Laminates
#1201 - Drilling of Solid Glass Cloth Laminates
#1202 - Drilling of Acrylic Plastic Parts

#1203 - Sawing of Laminates

#1204 - Grinding of Laminates

#1205 = Trimming of Laminates -

#1206 - Routing of Laminates

#1207 - Milling of Lamirates

Secticn XIV - Protective Coatings (1300-1399)

#1300 - Application of Zine Chromate Frimer

#1301 - Application of Rein Erosion Coating

#1302 - Application of Rain Erosion Anii-Static Coating
#1303 - Application of Lacquer and Enamel Surface Coatings
#1304 - Application of Rain Erosion Boot

-

getion XV - Storage and Randling of Plastlc Parts (1400-1499)
#L4CO ~ Packeging of Plastics Parts for Shipment
#1401 - Crate Fabrication

Segticn YV ~ Quality Control of Rav ¥aterials (1500-1599)

#1500 - Quality Conirol of Incoming Polyester Resins

#1521 - Quality Control of Inccming Glass Fabrics and Mats

#1502 = Quality Control of Incoming Adhesives

i#1503 - Cuality Control of Inceaing Catalysts, Accelerators and Promoters
#1504 - Quality Control. of Incoming Eonsyccubd

#1505 = Qualily Control of Incoming Ccmponents for Foam

#1506 = Control of Resin Content o Machina-Impregnated Glass Fabrie
#1507 = Quulity Control of Incoming Preixpregnated Piberglass Fabrie

Sectlon XVII - Storags of Raw Materials (18600-1699)

#1600 - Storage of Resins

#1601 - Storage of Glase Fabrics and Mats
ifL602 ~ Storage of Foem Cenmpenente

#1603 - Storage of Catalysts and Accelerators
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. INTRODUCTION TO ZENITH PROCESS SPEGIFICATION MANUAL

Purpose ~ It is the purposs of this Manual of Spacifications to set forth the
procedures and processes which are practiced in the production of roinforced
plastics parts by Zenith.

Scope

This Manual of Shecifications shall embrace all phases of production except
those which are standard shop practice and of a nature so commonplace as to be

) not gormane to a manual of this zort. The specifications included in this

i manual shall be acceptsble to our customers, to the cognizant Govermment

' Agenciles, or to both when both are conuserned. Therefore, no specification
chall be included in this manusl until it has received written approval fram
the responsible authority. A copy of such written approval shall be attached -
to, and fom a part of the specification.

A E ]
e§ ﬁ : This Manual of Specifications shall serve as a reference for all phases of
2 . planning for part production. As such, 1t shall be referenced in Engineering
st _ Drawings, Production Fabrication mtlines and Process Bulletins ard Spscifications
A~ ] . for specific parts, Whsn ths entire Manual of Specifications is to bs referenced
N it shall be referonced as ®13-1000%. When only one or a few sections are to be
el -referenced the appropriate section mumbers as listed in the Index shall be
"‘2 . . referenced.
e Responsibility and Tmplementation
1l i .
v " Responsibility - It shall be the duty of the Materlals and Process Group to
sl . prepare all specifications. As part of this duty, that group shall be responsible
Al - for tha compliance of all active Process Specifications to applicable Govermment
] ) and customer specifications and requirements. The Materials and Procers Group
" j shall conduct latoralory test progrems for the purpose of obtaining information
i > necessary to the preparatlon of specifications.
DS
-,..j:: Implementation - It shall be the guty of Inspection Dspartment to be thoroughly
. }\ familiar with all Process Specifications and to insure Production compliance

o wvith the specificatlions. Difficulties in conforming to the Process Specifications
W shall be reported to Engineering Department which shall consider the problem

LY for possible specification revision. .

7

';_‘ Form for Svecifications - In general, the Process Spacifications shall take the
-;\ form to be described. In certaln cases the nature of the subject will dictate !
b ‘_,.;-E the need for slightly modified forms,. )
oo, \
‘f-w Title - The title shall be listed. |
? ! Scope - The scope section shall specify precisely what the spécification deals
with, and coordinates with other specifications to place the subject in proper L
P relalion to the Process Manual as a whole. ;
A
e
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Form_for Specifications (cont)

Materials - This section shall specify all materials which are used in the
particular process. Generally, very common materials which are normally used
‘in the shop are nol necessarily specified. In most cases a source of supply
for the materiala is l1isted.

Equipment - The equipment section shall call out equipmsnt, tools, etc. which
are peculiar to the operations with which the specification 1s concerned.
Standard shop equirment will not necessarily be mentioned.

Procedures — Detailsd descriptions of the various procedures of the process

shall be specified in this section. All variations in the procedure which may
be required to conform to the variatiors tetween customer requirements shall be -
included.

Process Control - This section specifies measures which must be taken to insure
proper functioning of the process. In most cases this will consist of a 1list
of those operations in the process which are of a critical pature and which,
if improperly performed, can adversely affect the part and/or process.
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QUALITY CONTROL GF REINFORCED PLASTICS STRUCTURES

By
Robert W. Matlock

Zonlth Alrcraft -
Gardena, Calif.

The members of the engineering profession who become involved with the design
or production of sandwich structures are invariably faced with the difficult
problems of quality control. The word Mdifficult® is used because several
years? search by many engineers has still failed to result in any solution
which 1s either considered to be good, or has been adopted as standard
practice. ' )

The present methods of quality control consist of the contrcl of the processes
of fabricatlon and the fabrication and testing of sample test coupons. It is
usually quite apparent to all concerned — the fabricator, the inspsctor, and
the engineer — that these methods are no real solution to the problem, but

are make~shift methods which are "better than nothing" or "a step in the right
direction®. -

The author has no quarrel with process control, and in fact recognizas that this
type of control is the foundation upon which the structural use of plastics must
be built. If for no other reason, careful process control must be maintained to
prevent ultimate rejection of fabricated parts. Howevery the nature of the '
steps followed in the fabrication of a sandwich structure are not of the type of
which it can be saiq if stepsa+b+c+..40.40n are correctly
performed, then the part is correctly fabricated, and therefore, structurally
sound. Although the reasoning may be correct in theory, it is simply not true in
fact. There are too many variable factors. The limits of what is correct and
not correct are too narrow and undefined. The biggest reason of all isy of course,
the human 3lement. _

The attempt to achieve quality control by the fabrication and testing of sample
panels or coupons is considered to be both impractical and dangerous. It is,
furthermore, a great source of irritation to those involved in the fabrication of
sandwich structures. Again, however, it is not proposed that sample panels and
testing be eliminated es a method of quality control. It is an excellent method
of checking process control, and should be used as such.

If the present methods of quality control are not satisfactory, then what is the
solution? Is there a solution? To these questions can be added a third question.
Is there a solution available now, today?

To answer the above questions let us first put our finger directly on the problem
by deciding what we wish to accomplish by quality control. We want the part to
have a nice appearance, we want it to fit properly, and we want it to perform
satisfactorily in service. Since appearance and fit are matters for known and
common inspection methods, this aspect will not be further considered here. In
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the case of performance we must assume that if the part is structurally sound
under the loading conditions for which it was designed, then it will perfom
in a satisfactory manner. To insure this, the actual part rust be tested by
either equivalent loads, or subjacted to squivalent or greater siresses., This
is the only sure method of proving that each and every sandvich structure will
meet the above requirement of quality.

It appears, therufore, from all of the preceeding discussion that quality
control should consis{ of process conirol, the fabrication and testing of
sample coupons, and of final tesiing of the finished part. The use of testing
as a méthod of insurirg reliability is not common, probably because of the
large anticipatel costs. However, this is not necessarily true. Naw develop-
ments and now methods appear to be changing this sltuation. It is felt,
therefors, that testing should be made full partner of the previously used
nathods, thus forming a teanm of great value and reliability. In the folloving
sections, each method is discussed in greater detail.

Process Control

The temm "process control® is used to include control over the basic materials
entering the part, and the physical steps followed in its fabrication. This
portion of quality control should never be relaxed, even though the finished
parts are to be 100 proof loaded. The reason for this is obvious, in that caly
through adequate control during the fabrication stage can rejection, scrappage,
or vrevwork be avolded in the finished part. From an economic standpoint alone,
process control during fabrication is a practical requirement

As an exsrple of the quality control measures used by the Zenlth Plastics Co.
in tho fabrication of reinforced plastics sandwiches for radcmes snd similar

striuctural and semi-structural applications, the following measures are taken
to control materlal quality:

l. Only certified materials are purchased.

2. Glass cloth is inspected for nominal thickness, contaminatisn or dirt,
broksn fibsrsy or any other visual defects.

3. BEach drum of resin is sampled and testcd in the laboratoxy for gel time
and viacosity.

4. Inpregnated cloth is tested for resin content.

5« Sumple laminates are made into standard tenslle test spascimens for a chack
on the combinaed materials. .

In eddition to the coatrol for material quality, a rigorous imspection procedure

of each step of the fabrication process is followsd. As a final check on cazplets
cure the Barcol hardness is taken.

4 process similar to that above may -easily be developed for other types of
sandwich construciions. Although the materials and processas used in metal
sandwich constructilons, for example, are entirely different, it is quite clear
that simllar stops may be followed, end suiteble controls established
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3 The extent to which materials and process engineera have relied on sample panel
1 fabrication and testing as & quality control measure is disturbing. It is

i . strongly suspected that the popularity of this method is largely due to the fact
that it offers an cbvious and paiusible method of quality contrel, and that for
the same reasons its defects have been dlsregarded. A little serious thoughe,
however, will indicate at least three major faults.

The primary fault 1ies in the cost. Although the parts in themselves may be
reiatively small, it 1s a well known fect in the industry that the labor costs
involved in making a small part are nearly as great as required for a large
part. When one considers the general high cost of plastic saniviches, it 1s
apparent that the cost of sample panels 1s not inconsiderable. In addition teo
the cost of the sample itself must be eidded the cost of testing and the cost of
recording and submitting the test results. In addition to all of these costs
mest be :dded one more item, and a very important item it is, thz complication '
and interruption of regular production work. Although this lzsi item is difficult
] to analyze, it is obviously one of considerable importance.

It may be concluded, therefore, that i1f sample panels and tesiing are used as a
quality control measure, required by a specification, they do not come free.
Although the charges for this work may not bs listed as a sepzrate and distinet .
. item, it 1s quite apparent that the charges will be most probably buried in the -
} : cost of the parts.

The secord point in the case against the test semple is its unreiiability in
deteraining whether the production part is sound. Zven thouzh the test sample be
; fabricated at exactly the same time by exacily the same persormal and of exactly

i the same materials as the finlshed par%, let no one be so naive as to belleve N
’ that human nature is such that identical care will always be given. Let it be , 3:;..“?
renzibered that if the production depariment makes the ssmples, and they should, 'L‘,:‘i%
it 1s the seme department which is responsible for the prempt ascsplance of ths L :‘Q-

related parts. If anything is to be right, it will undoubiz&y t2 the samples.

Probzbly the most annoying aspect of test samples is what happens when a test

-

‘J®

e : sample falls? Does this mean ths part or parts are unsatisfacleory? Not
N necessarily. It means onlv that the test sample was not good, exd that the parts
- % are suspect.
*u, t
A ! Perkaps the worst case i3 that in which the test panel passes with colors flying.
‘,. ; In this case it might be concluded that the part is satisfactory, a very dangercus e
(- assumption indeed. LAY
" j The thivd fault is very basic and goes directly to the heart of s matter. As L
N . the szaples must nccessarily be fabricated by the producticn parsonnel, it removes i
;.Z ? the funciion of quality control from the hands of the inspection dapartment and i
Y ; places It whore 1t should not be -~ in ths production departrani. Although it {
o : may be logically argusd that inspection could supervise the fabrisation of the "'*-":7‘
N i samplas, this is not a practical solution, It places the inszasier in the role -":-:.:
E:s.‘\- : of a policeman with the task of preventing dishonesty, rathsr i::1 of waintaining ::\‘,.\j
N ; quality control. el
A } f\::n“l
| &
1% !
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It ia apparent from the previous discussion that tho writer has little respect
for the method of determining part quality by the fabrication and testing of
sample panels. It is argued, however, that the use of sample panels should
not be eliminated. It is suggested that their vse ba limited to a check and
statistical control of the quality control process itself, and that they have
L no relation a% all to a specific pari. If for no other resson, it is good

’ psychology to run a few test samples through the shop along with the day's
production. If there is a gradual deterioration or a radical change in the
processes used, 1t will most likely becvme apparent through the samples.

i As long as the results are not taken too seriously, good or bad, and the mmber
j of samples made 13 small, it 13 felt that only good san coms from their use.

.74 In connection with the use of test samples for quality contrel, it is a source
g‘ i of great wonder to the author that a very close source for good quality control
) i measures has been overlooked. In every plastics shop may be found a considerable

K Z:f : mmbor of rejected parts or assemblies. Many of these are rejected for reasons
s 1 other than structural faults, and provide a great scurce of test spscimens

\_‘; ! wvhich are not subJect to the teint of special care in preparation. It is

Aoy ! extremely helpful and advantageous for the structural laboratoery to avail

W s

themselves to this sourcs of free samples. —

In addition to the rejects, it is suggested that consideration bs given to

J%0)
!

-, L
2"
0

@

removing en occasionsl production part for test purposes. It may bs a swrprising
<o fact that a production part may ba less expensive than a test sauple. In the .
3:: - case of scme of the extremely large radomes mada by Zenith Plasties Co. this is Ry
o obviously not ths case, but it may bs very true for a production run of small "
¢ parts. In any event the value of a produciion part for test purposes will be .-
e greater than that of several test specimens. E
A
= 8
o Static Testing i:
S Cut of all the thought and discussion that has besn expended on ths effort to L
4 achieve quality contrel, it is wmazing that thers has bsen so little sttention ,i
-\ given to static testing. It is quita obvious that thers is no other approach
! so direct as that of proof loading each and every part. IFrom ths standvoint of b
T i the stress enzinser tals is the uliimate in quality control, a method which Fz
SN proves without doubt that the structure will sustain the loads it was dosigned '.;
N to carry. And it 1s, after all, the stress engineer who is most interested in \'.j
e Quality control. It is he who assumes ths responsidility for ths structural - »
1‘;;‘ integrity of the part, and it is ha who must be satisfied. !
-
o Perhaps the reason that static testing has not received greater consideration g
A is that the cost is expacted to be high. This may or muy not Lo true. If S
o quality control is put on a dollar~and-cents hasis, and it should be, then -
W value is the function which should be considared the doterwining facter. A t:
L ] small amount of quality control for a sumall price is no greates valus than a “.
:'::;: great amowit of quality control for a larger price. X
: J Furthormore, it is sxtremely doubtful that comparative cost studies of quality ::,
O control methods have ever tesn made. Taking again the cass of the semple panels, D
-‘.;- it is estimated that the cost of fabricating samples, preparing the specimens, h
£ a " ard testing, will in many cases be greater thin that of attaching a structure to %
i a }ig, applylng load, and rcuoving the structure. Tt is assuzsd, of course, that g
b, consideration has bteen glven to ths oloicat of time in the design of the jig to K
i facilitaie mounting and removal, and in applying the load. "
NN . "
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The Zenith Plastics Co. is currently static testing four separate radomes for

. one of its customers as a rouline procedure. That the method of quality control
by static tosting 1s regarded as being practical and successful may be deduced
from the facts that (1)} these static tests degan with one rademe in 1948, which
38 still teing tested on a statistical basis, and (2) none of these radomes has
ever failed or given trouble in service except from accidental damage.

Of the four radomes mentioned above, two are tested on a statistical basis, On
the remaining two, each unit is tested. The former two radomes may be described
as being large. Of ths latter two, one may be called very large and the

other extremoly "large. It may be of considsrable interest to show tke cost of
the static {ost in relation Yo the cost of the part. The table below 13 prepared
for this purpose. :

Radome No. Siza  Test Cost/Part Cost

., S | 8 x 9t 067

! 2 8t x 9 .050

';5 3 9t x 159 .031 )
{

3 4 30t x 20t .005

The above touts are carried to yield (1.15 1limit) load. The Jigs were designed
for destruction tests on the first units as well as for.the proof testing.

. Consequently, the structure of the Jigs 1s considerably stronger and more
expensive thun would be required for proof load only, In addition, dpproximately
95% of the equipment and jiggery used for Radome #3 is also used for Radcme #4.
It 1s also avallable for similar tests on other radomes .f required, thus further
reducing the cost of additional testing as iis utility is increased.

X R A .

-

. It is sinceroly believed that the test costs shown above are not really indicative
, of what can Lo done in thls direction. WNearly all experlence in the field of
design of, staftlc test fixtures has been pointed toward an ultimate load test
fixture. In these cases, specd of installation and removal, and the quick
application ¢f load are not problezs to be'given serious consideration. With

an increasa in experlence in designirng and using proof-testing Jjigs, it 1s quite
apparent that methods of attachaeat for quick installation and removal of the

part will bo developed. This is also true of the problem of quickly applying and
. removing load., The bolt, the nut, and the shot bag can be made as obsolete as

; the tiodel "IM,

T T —
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(Reprinted from Macuasiscar, Enorvasavo for April, 1955, with permission of Copyrighe Oumes)

Ceramics as Basic Engineering Materials

Ceramic preducts are defined as those made of inorgonie,
nonmetallic material which are vsally subjected to high
temperafures during fabrication. This includes a wide

By E. J. Smoke! and J. H. Koenig?
Rutgers University, New Brunswick, N. J,

Axong the unique properties of ceramic materials is
refractoriness, that is, resistance to high temperatures.
Fig. 1 shows the melring temperatures of some ceramic
mazerials along with those of several metals. The
melting temperatures of the basic crystalline phases of
most ceramic materials are quite high startiag in the
range of 3000 F; iron melts at 2895 ¥, Glasses are ce-
ramic materials also, bue they cannot be considered 2
refractories. This is because they are not compoucds
but rather bekave as supercooled liquids whose viscosicy
is cviremely bigh at room temperature; thus they have
softening ranges rather than melting temperatures.

#aliing Temparctures

Ceramic products are being manufactured whose melt-
ing temperatures are lower thaa 5000 F, principaliy due
t0 a high glzss conteat. Ceramics made of clinoensta-
tite, titania, silica, mullite, forsterite, alumioz, sninel,
zircon, beryllia, zirconia, magnesia, and thoria are
oxide-type ceramics.  All bue the first two are used as
refractory materials where high-temperature processing
is involved; thae is, as furnace liners in heat-treatin
of metals, recovery of metals feor their ores, alloying
metals, recovery of petroleum products from crude oil,
auclear applications, 2ad the like. Thoria has & very
high melting point, however; it is radioactive. Silicon
carbide is used as a tefractory and to a large exteat as
kil furniture. Boron carbide has a high melting tera-

rature but it is used only in special cases, Other car-
Edcs. sulphides, nitrides, and borides have still higher
meliing temperatures but have only been made ex-
perimentally or oa a very limited scale because of the
tarity of some of the clcmments involved and the
tective atmosphere necessary in using these matertals.
They are being used experimeatally in heatengine parts
such as jets, rockets, and so on.

The highest 1melting metal is tungsten which melts 2t
approximately 6100 f? Zirconium, tantalum, aad haf-
nium carbides, and graphite have melting temperacures
above this wich halnivm carbide having the highese
mclticg temperature known of approximately 7530 F.

Ceramic products are generally a mixture of one or
more crystalline phases with glass, the latter material
varying up to approximately 45 per cent. This glass
conient afects the refractory properties. Included in
Fig. 1is a gragh of the “'safe coatinuous operating tem-

! Resetrch Profrssor, School of Ceramics.

¢ Prulame and Dircator, Scheol of Ceramics,

Ceazritated by the Process lndusteies Division and presenred ae the
Dumcad Jubilee Annaal Meedng, Chicago, I, November 1313, 1955,
of Tux Awraraany Sxiser 02 Micuavicat Exorianns. Condensed from
ASME Papec Nou 35\-160,
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range of products, but o imore importance fo the engineer,
it embraces a wide range of unique and usefu! properiies.

Lerates carvids (75200 = Jéireents
T TN e — —
Seaphite (6570} -
| Sireentan fardits 14370) |
Sagites (81000
Natalon Yirride (40501 {Miwmtos 120080
) Aditse
rsenion 2ertde ($630)
Tiraatu Reride (€24 At 19050
e
» Si11eee Carmite
1)
Almnide (B3
Barpiite (4460)
| Strem U5335
Bewcn Corti¢al (NIO) Pecalate
Siiteon Cazitde (Velatliteesl 132002
Bpimal {350} "
Avmizy (31800 Iwnn‘tlc
Meem 2irw alontdy €040
Ferotartts (330}
Wllise {3400)
Flasiama 132200
31t (3030}
TLrais (2020} l%
Teex (2995 ..
Clinemetrtits (2325
. 199 -f
Mtk operawrs (0P}

S—
Safe Contimsens o

Fig. 1 Thermal properties of ceramic materials and metals

petature™ of some of these ceramics. The best glasses
can be used continuously only up to a Qtoximatj 900
F, Steatite and forsterite can be used continuously to
1830 F withour distortion whea used as techaical ware
such as high-frequency insulation, or whenever dimen-
sional tolerances in the range of 1 per cent are pre-
requisite.  However, forsterite, when used as furnace
parts, operates successfully up o 3000 F. Normal
porcelains have been used up to 2185 F. Zircoa,
whether used as technical ceramics or s a refractory,
operates very well up to 2650 F.  Silicon carbide, which
is used as furnace parts, stands up very well o approxi-
mately 2750 F ia air. Silica is used principally as a
refractory in open-hearch furnaces where the terapera
ture appeoaches 3000 F. Mullite refrictories are used
continuously up to 3200 E

The effect of glass contenr and/or an additioaal
crystalline phase or phases is illustrated by the safe
coatineous operating tempecatuces of several alumina
badies, A body containing 36 pee cent alumina can be
used coatinuously up to 2530 ; arothar coataining 96
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Dismord {7000)

Sorom Carvids (2830)

well C (0.5 which is approxi-

312 Tteatluw Borice « £7A Baron Corbide (W8,) (2750)

_Il matly 750 on the Knoop scale.

Tiranive Borlde (3720}

31itecn Cartide (3509) 1

Tttantus Cerdide (2,60}

Zireantun Cartide {2090) I
Aluaing (2000} ]
Tungaten Carvide {1840) |
JComontvad Carbide (1450-1320)
Zirsoniua Bortde (1560} 1
Beryllia {1220)
[ Qarts (Qgc.)

Zardersd Stee) {Rot¥xwld € = $0.5) {0}
Glasnea 1300-500)

Caleite (130)

oypam (30}

Pig. 2 'Hardoess (Knoop scale) of ceramic marerials ranglng from 30 to 7000

Y Scveral ceramic miaterials fall ia

tls range also but
rossess frcater bardness. The
cemented carbides are made
synthetic ceramic materials such
as tungsten, titanium, and tanta-
lum carbides whose Knoop hard-
ness numbers range from 1400 to
1800. They are used as tools for
machining metals to close dimea-
sional tolerance.

Alumina has a valuc £ 2000 and
is used as a grinding and lapping
compouad, and as the abrading
media in grinding: wheels for ma-
chining steel. A relatively new

Copper (218)

:gplicztion is as tool bits for ma-
iaing metals, This exceme
hardcess and the face that this

r

Barylia {125)

type ceramic can be abricated to
extrencly close dimeasional tol-
eraace lends itsclf as wear-resist-

Aluminux (219)

ant paris such as gages, beatin
th:c;:ltguidcs, ncg es, and te .

Baryllia Porzelsin
(30-90}

Magnesis
i)

Land
{19)

24a Oxide (17}

Munira (10)

Classisal Ceresiss (.5-5)

;

Thasrml Inpalation (QQ}‘.S’

Fig.3 Thermal conductivity of cemumic products Beu/hr sq ft/(d2g F/R), at 240 d2g

par ceat, up to 3050 F; whils pure recrystallized alumina,
that is, conrziniag 0o giass, cza be used coatinucusly u
t0 3520 F.  Thess are vsed as furnace parts and technics
ceramics of close dimensional tolerance and for high-
temperarure vacuum applicaticns.

Zirconia provides a very Eigh safe continuous operat-
ing temprrature (circa 4200 F) 224 ia the fused stabilizzd
form is used as furnace pacts,

Alumina and rircozia ars appliea to metals ia thicks
gesses up to 0.010 in. by tbe fae-spray process. This

pe coatieg shows promise lor heatengine parts,
sbeasion-resistant coatings, aad crosicn-tesistant parts,

Thus ceramics provide a wide selsciica of celeactory
materials for use as furnace pasts of a5 technical ware
and the choice depends upen sad use 3ad economics.

Hardness

Hardness is another properer uniqus to ceramics
covering the range from X0 02 the Kewop scale for the
wigeral gypyum te 7000 for the Slamond as shown in

Fig. 2. "Qlasses range from 300 to 500. The hardest

YADG TR 56393, Vol I
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pical ware in general,

Silicon catbide, with & Knoop
hardness of 2500, is one of the
mest importaat abrasives in teems
of lapping and grinding, and as

ading wheels. It lends jtself
g::st for fabricating very liard
‘dense materials such as ceramics,
including cemented carbides, cast
and chilled iron, and nonferrous
metals,

Titanium boride has a - alue of
2720 2ad boron carbide Jf 2800;
this latter was the hardest syn-
theticmaterial uatil quite recently,
Howrever, in the past yearmanhas
madz the first syntheticdiathonds.
Diamoad is the hardest kaowan
material, It is markered in many
grain sizes and in maay type grinding wheels, Itsexs
treme hardness and durability make this material of eco-
gomic significance even though the initial cost is quite

high.

The properey of extreme hardacss has made coramic
abrasives acrually indispensable in the fabrication of
metals and other materials.  There are no substitutes for
ceramic abrasives,

Thermal Conduclivity

Another engiasering propecty of extreme importance
is thermal conductivity, Again, ceramic products cover
a wide range from near zezo up to 125 Btu as showa in
Fig. 3. In the very low racze of thermal conductivity
a variety of thermal-inswiztiug materials are manufae
tured from mineral produces such as asbeseos, magnesia,
diatomaceous silica, refractory clays, mineral mgn lass
wools, 2ad synthetic fibers; these are used from below
toom tempecature to above 3000 F as drier, oven zad
furaace liners and backings, pipe covering, and nwmscrous
other applications.
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- Magnssia’s conductivity as a

Ceramic products in general are e G5 | i
characrerized by low thermal con- Regaesta (32,31 H
ductivity and approximately 98 :::"(';':"NM . I

Fcr cent of all products macu-
actured have thermal-cc.ulnctir-
izz vafucs no higher than 5 Biu.
This is due not only to the prop-
erty being inherencly low but also
to the large per cent of pore spacz.
or voids which are present in
some of these marerials. It hay
beca noted in the foregoing that
magnesia is an excellent thermal

-y

Baryilte (0.4)

Vollastenite {5.9)

Zireen (h.8)
oo senlum Bortde 10D
Chroatvm Bertds {
Cocdtertte](2.3)

Pused itee (850

Spetumens (0h = o8 ~ *.5)

insulator yet Fig. 3 shows that it

has a value of 27. The former L“r"mm L5

valuc is for 2 very porous material
while the latter valué is for one
centaining no more than 1 per
cent pore volume., Thus all cer-
amics possessing thermal-con-

Fig. 4 Coefficicnt of linear chermal expansica of cersmic materials; room seco-
perature, 700C (1292 F) o

ductivity values above 5 Btu are RN IR

Y MALT]

nonporous matecials.  Alumina

37% Titantum Boride = 49% Bovon Cardide {wt.) 800

ceramics have thermal-conduc-
tivity values up to 10 Bru,

Tin oxide has a value of 17 but
has not been used industrialty to

any exteat in ceramic bodies.
The metal lead has a value of 19.

dense ceramic, asmentioned, is 27
and has been used as elctrical in-
sulation in vacuum tubes, Above
this range the only ceramic mate-
rial is beryilia and its valueis 125

2

Porcsls 50

1
3
Bru as compared to aluminum at fﬁ—‘ 35 | clase snded Mes

118 and copper at 218, By com-  [5-
biniag bcry%: with other ceramic g™

materials a range of poteclains can

3S | Cordierite

TIT VT 77

vorI18 a2
cpreseive

Strangths (x 10® pst)

N be made whose thermal conduc- 3, Classiesd Coranton >
A3 tivity ranges from 90 to 30 Bru. -
; ,:g:" Some sparkplug and high-frc- Fig. 8 Tensile, transverse, aad compressive strengihs of cersmic materials ::
A uency imsulators, where high N

o thermal conductivity is of im- £
<y portance, have teen made from beryllia and beryllia  z2luminz, and Kovar 2ud alumina. In this case 2 metal i

P
‘1
.

porcelains.  However, because of the toxic cffect of “his
material, its use has been limited. It is now consiaured
that this matcrial can be used safely when the proper
precautious ate inken,

of higher thermal expansion surrounds the ceramic of
lower thermal expansion which, when soldered together,
results in a strong vaccum-tight compression seal. The
other type is the matched seal in which the thermal

.- 3
.‘»: Thus ceramic produces can be made which cover expansion of mecal and ceramic is approximately the E:\
X th: wide range of thermal conductivity from values of same. Glass-to-Kovar is a glass-to-metal s2al of this )
NN 0.05 to 125 Bru, which is from the best thermal insularors  typs. The iron-nickel serics of alloys covers a wide )
b to conductivitics exceeding thar of che mecal alumiovm.  ringe of thermal expansion and a thermalexpansion ol
g match can be found for mest ceramics; however, oaly

b~ - Thermal Jixpansion over a limited temperatuee range. . Pi
[~ Tuvzr is a low<xpaadieg materizi at rclatively low .
58 Ceramic materials are manufactured which cover the  tempevatures but tcods to increase quite rapidly as the fC',
: range of ‘insar thernual expansion from 0.5-13 X 1074 temperavure is ivceeased. In che realn of ceramics, e
- in/in/deg C betwreern room cemperature and 760 € as  ruch Jower thermal expansions are possible. In face, R
Y shewn in Fig. 4. Magnesia has the highest. thermal  there are twa types which actually contract on heating. XS

o expansion at 12.8. Low-carbon steels have values in  Both are lithium aluminosilicates. The one type exhi i)

'(~°

the tange of 15 over the same temperature range while
copper ts aprroximately 17, Cee of the prime applica-

iting the tow positive to low negative values (Fig. 4) is
the crystalline phase betaspodumene, It can be made

@

e tions of a desired high thetmal expansiou in ceramics is  to have no contraction or expansion up to 00 C.  Beta-
[ in glass-to-metal and ceramic-to-metal seals for electron  eucryptite is the other ceystalline phase and its coefficicat .\
Ny tubes and other vacuum-tight, strong, high-tempera-  of linear thermal expansion is —5.6 X 10~%. This ,‘Q
A ture seals. There arc two types of scals. The compres- latter materia) has not been made in vhe aonporous w2
. sion type is exemplified by copper and fotsterite or  state and because of irs very high degeree of contraction, 2
B X
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pressive strength varies from 8 to 10 times
the tensile strength. One commercial alu-
mina body ha: a censile strength of 27,000
psi, its transverse strength 1s 50,000 ped,

——

\ : while its compressive strength is 290,000
ThrosunBortde { ) psi. Alvmina bodies with compressive
&\L strengths as high as 400,000 psi have been

L —~ON - reported.,
3 \\ 15 Gt} Titantealsortte = 35 Beren ¢ values given in Fig. § arc optinum
: N iy %Q‘: 130" {iranrersel values and these tend to < _creasc cither with
s N = a decrease in the basic crystallice phase or
=" N T with increase in pore volume. As an illus-
Berydlte|{Cougrsns N tration, alumina ceramics are manufactured
as special refractories with compressive
& wb P, strengths of the order of 11,000 psi while
| \ that of the completely nonporous material
\ used a: wear-resistant parts aad clectrical
20 insulaiion has a compressive strength of
N e M A I N 290,000 psi. This extremely strong material
| mte] tzematae? N\ is being used as extrusion and pressing dic
I~ parts, precision gages, plungers for recip-
° 400 B0 1200 1600 2008 Moo 23 rocating pumps, mechanical-scal parts,
Tegatavare (°7) bearing sleeves, liners for pumps aud im-

Fig. 6 Strength versus temperature curves of some ciramic materisls

ha: found little use. However, the beta-spodumene
is quite important as a vefractory materizl (to 2200 )
of high thermal-shock resistance. Some uses include
trays o which dental preducts are rapidly fired; tubes
throagh which biilets are heated to forging temperature
by irduction lieating; and in the firing of certain white
wares. It is being used as cither zero or low-expandiag
tubcs in dilatometers for determining thermal expaasica
of ceramics and mctals at higher temperatures. It is
being evaluated as a base material for precision clectrical
tusisiors and capacitors where dimensional variation
with temporature is detrimental.

Thermal-shock resistance is relatively high in most
perous cecamics becanse of inherene strucrure, How-
ever, where strong ceramics are desired poresicy must be
nininmived. In dense ceramics the thormal-shock resise-
auce is dependent o a ma.ked desree on thermal 2xpan-
sion; the lowee the thermal 2xpansion the higher the
thermal-shock resistance. Simuar specimeas of an
alumina ceramic wnos coefficient of liczar thernal
expansion ic 8.0, cravk when quenthed inty water at
room teraperatuee from 400 F. Deta-spedumene bodics,
whoss thermal expansicn approaches zcro, have resisted
tailoee when quenched from 2200 F tu warer 1t trom
emperacure.

Tius ceramic products cover the cocflicient of N war
thermal-expansion range from +12.8 to —5.6 X 10-*
in/in/deg € from 25-700 C, and ceramic products are
being produced or caa be designed to any specific value
in this range.

Strangth

The compressive strength of ceramic materials covers
& very wide range from materials so weak that they can
be crushed between che fingers in the case of some heat
insulators, to valucs as high as 600,000 psi for 2 mixture
of 31 per cent Cby weight) titanium boride and 69 per
ccat boroa carbide. In geaeral, for more or less conven-
tional ceramics, with tensile strength at nuity, the trans-
verse strength is appeoximately 2 times and the com-

peller-wear parts, thread guides, wnd as
high-frequency insulation particulacly for
vacuum-tight ceramic-to-meeal seals.

Beryllia is another extremely sarcag ceranic with a
compressive strength of 188,000 psi and transverse
strengeh of 35,000 psi.  Steatite, forsterite, and zircon
ccramics have compressive-serength values between
75,090 and 90,000 psit.  Steatite is the n.ost economical
of the group to manufacture. It is used extensively as
clecurical insulation especially for high-frequency anpli-
cations and 1t moderately clevated tcmfxraturcs because
of its high strength, excellent electrical insulating prop-
crtics, 2ad the abiii 'y to fahricate chis mate-ial o close
dimensional tolerance. Percelain, glris-bondcd mica,
and cordiertte have lower compressive strcagths in che
range of 35,00¢ to 50,000 psi. Porcelain, because =< its
streagth, case of manufacture, .nd general dursiility, is
used extensively for domestic znd technical ceramics.

Fig. 6 shows the effect of temperature on the strength
of some ceramic materials. A ﬁtyllia ceiamic, whose
tensile strength i< approximately 14,000 psi at room.
temperature, is still $300 psi at 1800 F; its ‘ransverse
st.ength at toom temperature is 20,000 psi and still
11,500 psi at 1800 F; while its compressive strength at
the lower tempecature is 110,000 psi, 50,000 psi at 1800
F, and 7000 psi ot 2912 F  Chromium Yoride, whose
room temuerature trausverse strength is 88,000 psi, re-
mains coustantto A70"F.  Zirconiwa boride c-hibits the
sime cflect over the same terperatare range with a value
of 65,000 psf, and at 2200 ¥ this value only drops to
55,000 psi.

The titanium boride-boron carbide matcrial mentioned
prcviously has a transverse strength of 90,000 psi at
room tempericare and drops steadily to 55,000 psi
at 2200 F.' It is these high-steength propertics at high
temperatees that are of extreme iaterest for high-tem-
peratre engines and air frames.  Radomes which house
radar cquipment are being made of ceramic materials
because of these properties. One laboratory is experi-
menting with actual missiles made catircly of ceramic
materials, the reason heing that as the speed increascs,
the temperature also increases and it appears that
only ceramic materials can withsragd the extreme con-
dittons of temperature and prescure encountered,
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4 DEVELOPMENT OF TOOLING AND PRCCESSES FOR ' ,
; FABRICATING LARGE HIGH-ACCURACY RADOMES iy
7 ' A
: by h ‘ 3“- )
i . .R. H. Vreeland, Head, Engineering Projects Group o ;;3;_
3 Plastics Department o)
Research Laboratories Uy
3 Hughes Aircraft Company o
' Culver City, California o5
° (2
I INTRODUCTION : t{
Radomes that are under development for use with certain fire coz- b
trol systems must meet critical boresighting requirements, and they must 24
maintain this required accuracy under the high temperatures and aerodynamic ’,};
loads encountered during operation of the hi¢ h-velocity interceptor aircraft -2
i on which they will be mounted. Although radomes of the large size necessary h3
for these systems ¢ an be fabricated commercially, radomes so produced do B
not meet these requirements. Thercfore, a die-development program, ini-
: tiated in 1952, was pursued corcurrently with the development of radome- r @
, molding procedures and processes. +
K . =R }
Theory and past experience both indicate that a radome of stream- N Q,
lined shape achieves the best electr!cal parformance if it {s of Lhali-wave-wall By
configuration. In this type of radome, undesirable reflections from the radome ‘;
surfaces can be almost completely cancelled if very clcse tolerances on the x' |
thickness and dielectric properties of the radome wall are carefully main- . .
tained. Experience with smaller radomes has shown that close tolerances : E,}-'
can best be mat by radomes that are molded under high pressure between Ay
matched, hardened steel dies. Although this method ot radome fabrication - 220}
requires a relatively high initial expenditure for equipment and tooling, the N
exceptional quality and reproducibility of the product more than offset these o
costs. k‘"
DY
A program that was .ndertaken to develop such a set of matched dies r

is described in this pzper. Early in this program it became apparent that no £
dies for plastics molding that even aporoached the required size and tolevances
had ever been built before and that the accuracy necessary between surfaces
had, in the pagt, been limited to dies that were only a fraction of the size re-
quired. Because of this la<k of experience it was thecefore decided that the
final set of dies would be designed fram the ata obtained by the design, fabri-

7

;“;/ o i

A
cation, and tryout of a scale model of these dies. ‘The die-development pro- j;}:'
gram that resulted is discussed herein. b
('\ 1
1I. PURCHASE OF EQUIPMENT o
1
After the first rough sketches of the dies were completed, it was W
i necessary to initiate the purchase of the equipment required in using these A
! dies. This seemingly premature action was necessary because of the long J‘
\ time nceded to approve funds, to design and fabricate the equipment, and to A
ship, assemble, and test it. Among the equipment purchased were the fol- t"
lowing large items. o
L]
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1. Hydraulic Preas

After calculations had established that a rigid and very accurate
preas having a 32500-ton capacity was required for use with the final dies, the
standard presses of this size available from various commercial press build-
ers were studied. Although none of the standard presses had the rigidity and
accuracy of movemeat desired, several companies thought these qualities
could be attained. Rigidity could be achieved by housing the four press posts
in built-up slab sides and then bracing these sides with cross-rails. The
dayliciat and stroke of the available presses were much tnc short for the an-
ticipated application but to increase them would be to sacrilice accuracy and
rigidity. It wns therefore decided to purchase a press with 10-foot daylight
and to move the die in and out of the press after each molding cycle. This
was possible bucause of the developmental nature of the progrem.

The press that was purchased (see Figure 1*) was built by Williams
White and Company. :

Its specifications are as follows:

Capacity: 100 to 2500 tons adjustable cempression,
: moving dowa

Platen area: 78 inches by 66 inches

Bed-face size: 88 inches by b6 inches

Daylight: 120 inches maximum

Stroke: 72 inches maximum

Stzipping: 140 tons with "kicker'™ cylinders only

750 tons with stripper cylinders included
Stripper-ram stroke: 18 inches maximum
Total weight: 363, 000 pourds
(supported by twelve 20-ton piles)
Height above floor: 29-1/2 feet
Total height: 35 feet, 3 inches
Size of pit: 11 feet by 20 feet by 5-3/4 feet deep

After the press was instlled and the gibs adjusted, the following
characteristics were measured and found to be within the stipulated tolerances:

Parallelisin between the face of the moving platen and the face of the
base is within 0. 0015 inch over the entire stroke.

Change of parallelism is 0.002 inch over the entire stroke.

lorizontal movement of the moving platen through the entire stroke is
0. 001 inch with smooth travel and 0. 002 inch with jogging.
Deflection of the base under a uniformly distributed load of 2500 tons
is 0.006 inch in a span of 64 inches.

2. Vertical Boring and Turning Mill

A survey of facilities throughout this country revealed that there was
no lathe or vertical boring mill that could be made available for machining
the mold surfaces of these large dies to the accuracies demanded. As a con-
sequence, it was necessary to purchase such a machine tool. Conferences
with those using this nind of equipment revealea that a vertical boring mill
with an electronic tracer was the most accurate machine for the purpose.

WALC TR 564393, Vol I 7L




A e

SRR oy

in " A

¥}

Accordingly, a modified, 6-foot, heavy Cincinnati Hypro vertical
boring and turning mill was purchased (see Figure 2*). This machine includes
a General Electric electronic duplicating attachment on the left rail head.

[ 3
Specifications for this mzchine are as follows:

One right-hand turret 2ead, one left-hand ram-type swiveling rail
head, one right-hand side head

Swing: 76 inches

Height under rail: 101 inches

Travel of left-

hand ram: 72 inches

Vertical travel

of rail: 90-1/2 inches

Speed of table: -0.96 rpm to 75 rpm

Diameter of table: 72 inches

Feeds: 0. 004 inch to 0.750 inch per revolution

Weight: 91,500 pounds

Support: Nine 20-ton piles under a concreie pad
17 inches thick

Accuracy

of duplicating: +0.002 inch

Finish of work: 27 micro-inches possible under favorable
conditions; 50 to 60 micro-inches expected

under normal ccnditions.

A series of measurements made while machining various dies on
this mill show that the accuracy in duplicating a large die can be within
+0.0003 inch. The finish on forged tool steeis has been in the region of
100 micro-inches, but this finish can be improved te a finish as fine as one
micro-inch by using a grinder on the ram and then polishing the surface.

-

3. Curing Oven

A large oven is required for postcure of the radome after its removal
from the die. A suitable oven was purchased.

Its specifications are as follows:

Gas-{ired, floor-type, vented; equipped with Partlow temperature
programming and control

Heaiing capacity: 600, 000 Btu

Maximum operating °

temperature: 550 F

Exhaust fan: 675 cubic feet per minute

Girculating fan: 6000 cubic feet per minute

Ouiside dimensions: 9 feet wide, 9 feet long, 14-1/2 feet high
Inside working area: 6-1/2 feet wide, 8 feet long, 10 feet high
Door opening: 6-1/2 feet by 10 feet.

The oven was installed in such a position relative to the large press
that either the lavup fixture or the dies could be relled into the oven for pre~
curing or postcuring on the tooling, thus eliminating a considerable arnount
of distertion in the part.
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4. Fifteen-Ton Crane

A crane was necessary to assist in the erection of equipment and to
move the tooling and finished products. Although a larger crane would have
A provided more lifting power, one having a 15-ton capacity was decided upon
- in order to obtain the greatest cove.age of floor arca. This crane has a 30-
foot span and an 80-foot craneway. It is mounted on separated columns, which
are supported by 35, 000-pound capacity piles. The maximum distance from
the bottom of the hook to the floor is 32 feet; the flcor area covered by this
crane, measured from the center of the hock, is 22 by 69 feet.

5. Hovsing for Equipment and Facilitles

The equipment already mentioned is installed in a building having a
high bay area approximately 32 by 8C feet. This building is supplied with
steam, water, electric power, gas, telephone, and air. The steam line is a
6-inch insulated pipe carrying saturated steam at 140 psi with a temperature
of 360°F; a 3-inch condensate return line is parallel to it. There is a flash
tank in the building for condensing the spent steam and a pump to return the
condeusate to the boilers of the central heating plant.

Cold water ie piped in from a nearby building; hot water is provided
by a heater within the building. Hot water at various temperatures for layup-
fixture heating is obtained from a steam-and-water mixer. Two towers mounted
on the roof of the building furnish a cooling system for the dies in the presses
and for the beat exchangers in the press hydraulic systems. Vacuum is ob-
tained by the use of vacuum pumps that are located in the building.

I, DESCRIPTION OF THE DIES

Five sets of large, matched dies for the high-pressure molding of
laminated fiberglass radomes have been completely designed and have the-
characteristics shown in Table I. All are designed for use in the 2500-ton
hydraulic press, and the molding surfaces are to be contoured in the vertical
boring mill. :

The designs were completed in the order shown in the table; the D"
dies were the first to be fabricated. Iquipment was purchased on the basis
of a rough design of the "'C'" dies, The main parts of each set of dies are the
punch (hereaiter called the male die) and the cavity (referred to as the female
die). Each male die includes a ring around its base that is used for stripping
the part from the male die. Also, each male die Is mounted on a base that .
holds it to the bottom plat:n of the press. The four guide pins and bushings )
are standard items in most dies. In the first four sets of dies, the lower {wide)
end of the female die is divided and has a collar that serves as the guidance
area for the female die.
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Iv. DESIGN PARAMETERS AND LIMITATIONS

o These five sets of dies can be divided into two groups according to
- ) their design parameters, which were determined by the intended application.
N The first thrze sets ("A," "B." and "C" dies) were to be used under most
W extreme molding couditiors — the use of very ligh and rapidly applied pres-
sures, with preforms of relatively poor quality made from many types of -
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materials having a large bulk factor when preformed, and with a rapid increase
of 1nolding temperature. The "D" and ""E" dies were to be used under more
controlled conditions —~ a maximum of 1000 psi uniform molding pressure, a’
slow increase of molding pressure, carefully made preforms from only one
kind of material with minor variations, a very low bulk factor on the preform,
and gradual, controlled die heating.

l"
oy

In - ‘dition to these para'meters there were the limitations imposed
by the size of the existing equipment; these were:

1. The weight of any component could not exceed approximately
20 tons.
2. The total height of the assembled die could not exceed 110 inches.
3. The outside diameter of any die part could not exceed 75 inches.
4. The height of any part (including the clamping device) could not -
exceed 102 inches unless the part cleared the boring-mill rail.
5. The maximum depth of contour that could be accurately cut in
the female die was 66 inches. '
6. The amount of saturated steam available at 350°F and 140 psi
was about 60, 000 pounds per hour, which was available only
for short periods.
7. The crane hook was 32 feet from the floor.

V. DIE DESIGN

The drawings of the dies were made by a small group of die designers,
each of whom contributed a certain amount of basic knowledge to the program.
One designer had several years of experience in the design of small plastics
dies, another had machine-design experience with various job sheps, while
a third had a littl= shop experience, and s0 on. The basic die design, how-
ever, was done by the writer, with the help of many others, as discussed in
a lnter section.

As soon as a drawing of the largest radome (the "C" radome config-
uration) was available, a rough die design was made for this configuration,
which was to be molded under fairly severe conditions. With this basic de-
sign in mind, the required equipment was purchased. '

The first set of dies to reach the final design stagz was the amallest
set, designated the "A" dies in Table I. In addition to molding finished ra-
domes 24 inches in diameter and 37 inches long, these dies were to serve in
testing several mechanisms and in measuring several molding conditions.

An automatic stripping device was incorporated into the design of
this sct of dies so that the molded pavrt could be casily removed when the dies
wers opened. This device consisted of a sct of cams in the male die that
opceiated a get of fingers in the female die; the fingers protruded under
a stripper ring and moved it up with the {emale die. The stripper ring then
lifted the part from the male die. In order to ensure that the part stayed on
the inale die and separated from the female die when the dics were opened,
two grooves were machined in the male die,

The design of the first set of dies included three typ2s of guidance

between the male and female for accurate a2lignment; each type could be

174
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removed so that the usefulness of the others could be tested. The types of
guidance were: -
1. Four standard die guide pins and bushings
2. A guide pid through the nose of the part
3. Guidance between the base of the male die and the open end of
the female die.

Thesge guidance devices were considered very necessary because the use of
preforms of poor quality imposed severe eccentric loading conditions on this
sct of dies.

This set of dies also incorporated a device for clamping the nose of
the preform to the male die. Such clamping is necessary because of the -
shape of the finished part and the bulk factor. As the dies close, the first
contact between them, through the part, is at the cpen end of the ¥adome.
The movement of the dies is then almost normal to the thickness of the part
so that the force exerted by the press may tear the cloth or pull the preform
down the nose of the male die. The nose clamp is intended to eliminate the
latter problem. :

It was expected that the first three sets of dies ("A, " !B, " and “C"
in Table I) would be nitrided on the molding and wear surfaces and then

chrome-plated. (These operations are discussed in detail in another seciion.)

A check-out of the equipment for performing these operations was to be ac-
complished by nitriding and chrome-plating the "A" dies; these dies would
also be used in testing the heating system that would be employed with the
first three sets of dies.

The second and third sets of dies were to incorporate almost the
same features as the first set. They would have an automatic stripping de-
vice, the three guidance systems, the nose clamp, nitrided and chrome-
plated molding and wear surfaces, and a high-velocity-steam :isating system.
In addition, the female die in each set was to bz made in two pieces, thh a
Jjoint along the mold surface.

The fourth set of dies ("D"inthe Table) was to follow in general the
design of the first set. It would include the automatic stripping device and
the three guidance systems. However, the nose clamp to be used was of a
different type. The clamping plug had a larger diameter and fitted the flat
part cf the nose in addition to a portion of the conical part of the’radome.
This plug fitted into the female die in such a manner that, as the female
closed under pressure and molded the nose of the part, the shear pin started
to fail in shear. When the dies opened and the part was stripped from the
male die, very little stripping force was necessary to shear the pin in the
opposite direction.

In addition, this fourth set of dies was to have much softer molding
and wear surfaces than the first three sets. The heat treatment was not as
severe ag that used for the first three sets, and the nitriding and chrome-
plating were eliminated. Also, the high-velocity-steam heating system was
replaced by a chambered-s:ieam system.
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The fifth set of dies ("E" in the Table) closely resembled the fourth
sct in general construction except that a simple sttipping mechanism with
manually operated fingers replaced the automatic stripping device.

k48 PROBLEMS CONNECTED WITH THE DIE DESIGNS

Ir. designing each of the five sets of dies, the first problem encoun-
tered was the scarcity of experienced dic designers. It was soon realized
thot the design of plastics dies is a field quite different from other types of
design. Since no designers with experience in desighing large plastics dies
were available, it was decided to design the dies to be like some smaller
ones (with which 'we have had considerable experience), except that all di-
mensioas had to be larger; the tolerances, however, had to be held as close
as those iound in very small dies.

In "blowing up" the design of a small die, the problem of weight had
to be considered because only limited space and handling equipment were
available. It was definitely necessary to analyze the dies structurally in
order that excessive weight could be resduced. In fact, for the largest dies,
{(called ""C" in the Table), the stress analysis resembled that for a major air-
plane component, with even more consideration given to rigidity and deflec-
tions. The services of several experienced aircraft stress engineers were
used in making these analyaes,

The problem of heating the dies came up next. The usual practice
of heating dies by means of a chamber around the female die and a hollow
male die was accepiable for the last two (D" and "E") sets and was adapted
from the smzll die design. However, in heating by this method, uniform
wall thickness was much more important on the molding surfaces of the large
dies than on thosz of smaller dies.

To obtain the fast heating rate required with the first three szts, the
chamber method of hezating was inadequate because the transfer of heat from
practically guiet steam through a water film into a steel surface is very slow.
In the design of these dics, then, a system of high-velocity steam was used.
Szaturated steam was introduced into tubes wrapped around the female die and
into grooves cored into the male die. To reduce the accumulation of con-
densed water, a specially developed water trap was installed along the walls,
every ten or twelve feét of tube length, For the calculation of the quantity,
pressure, and tampzarature of the steam in these heating systems, tha serv-
ices of a thermodynamiciat were employed.

In order to obtain hard molding surfaces on the first three dies, a
form of surface treatment was necessary. The common inethods of case
hardening (pack carburizing, gas carburizing, cyaniding, and carbo-nitriding)
require a quench from 1375°F or higher, which produc+s considerable distor-
tion, Since a large amount of contour grinding would be required to clean up
thisg distortion, these methods were eliminated from further consideration.
Contour grinding was not desirable because:

1. Wheel wear would make it difficult to obtain the necessary
ACCUTRTY,

2. Griading would not result in uniform surface hardness due te the
varying depths of stock to be removed.

WADG TR 56393, Vol I wé

e, T,
s

! &
v

-
[ ]

, i
.

-

FLIL 3-8 P

17 N G DL
e Al

o nA & R

A
pat g

«
3

T..
27

7l e

. Rl T P
y Ve
p TN A

ol h

L
-
-




3. A considerable amount of grinding in the boring mill would tend
to wear the ways of the inill and thereby reduce its accuracy.

Flame-hardening wts another method of surface hardening considered.
However, this method, which is essentially a two-dimensional process, could |
. not be easily adapted for use with dies of the shape required. To design a
flame-hardening fixture for each die would be costly and the result would not
. be satisfactory. Hard chrome-plating w=c eliminated because it ia porous
and uneven in thickness.

The metallurgists that were consulted agreed that a form of heat
treating known as nitriding would be the most suitable method. Because only
a relatively low temperature (usually 975°F) is required for this process and
no quench is needed, the amount of distorticn would be minimum. By the use
of the Floe process, the thickness of the white layer could be controlled to
less than 0. 0005 inch and could be removed by only a hand polish. With ni-
triding, the steel dies could be heat treated, finish machined, and case hard-
ened, so that only a small amount of polishing would then be necessary.

The nitriding operation, especially the Floe process, is relatively:
new; therefore, the advice of an expert in this field was obtained, and a ni-
triding facility was designed under his direction. This facility has yet to be
built and tested, and the exact process required for specific die parts to be
determined. It is definitely needed because none of the heat-treating com-
panies in this area has a furnace large enough to nitride the largest parts.

After the required strength of the die steel had been determined by

: atructural analysis azd the method of surface treating was decided upon, the
proper material for making the dies was selected. After it was decided that
the male and female die parts for high-pressure plastics molding should be
fabricated of forged steel, a modified 3-1/2 percent chrome, air-hardening,
tool steel was selected for the two smaller sets (A" and "D" in Table I).
This steel ie in common use in England, but does not have an SAE designation.
For the last die ("E" in Table I), SAE 4140 steel was chosen because no ni-
triding was necessary nor was the desired core strength unusually high.

A

F P ar e
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The choice of material for several smaller die parts also presented

A
problems. For instance, the steel selected for the nose guide pin of each die -;3',::
had to allow considerable bending deflection without breaking and yet retain a b
high resistance to bending and wear as well as good hardenabdility. For the 'l{‘:

smaller dies ("A," "B, " arnd "D"), SAE 1095 bar stock was the material se-
lected for the nose guide pin, For the larger dies, this part was too thick to
respond to the heat treatment suitable lor SAE 1095 so it was made cf Gordon
tool steel.

Deep hardenability, toughness, and resistance to wear were also re-
quired for the die guide pins. For the smaller dies, these guide pins were
made of SAE 43-10 bar stock and were heat treated to a hardness of 55 to 56
on the Rockwell C scale. For the larger dies, the material specified was
ASM class II-B-1, air-hardened and drawn to Rockwell C 58 to 61.

The guide bushings and nose clamp for all the dies were made of
Carpenter's Super Samson bar and were gas carburized to give a wear-resis-
tant surface. The stripper rings, stripper cams, and stripper slides were
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fabricate of ASM class I[-B-2, heat treated to Rockwell C 57 to 59. Moct of
the other parts were made of materials that ~vre in relaiively common use for
these applications. :

In order to ensure that the dies would undergo little or no distortion
during the nitriding process, metallurgists recommended that a stress-
relieving operation in a contrclled atmosphere be carried out after each con-
tour-turning cut. Since there seemed to he no controlled-atmosphere furnace
of sufficient size available and since the limited use to which such a turnace
could be put did not warrant building one, the nitriding furrace was to be used
for stress-relieving operations. The design of the nitriding furnace, therefore,
made provisions for these operations.

The three dies that were to be nitrided were also to be polished to a
high luster and then flash chrome-plated with 0. 0003 to 0. 0005 inch of chro-
mium. Past experience had shown that a f'ash chrome-plating acts as a lu-
bricant on the molding surfaces, a desirable feature on these dies that were
to be used under severe molding conditions. However, very few platers will_ .
try to plate over nitrided steel because all of tlie "white layes!" must first be

- removed from the nitrided surfaces.

Although no facility for plating = piece of steel as large as the "C*"
female die was available in the Los Angeles area, a concern was found that
was planning just such a facility, which would be completed ia time to handle
this joh.

The selection of suitable machine shops in which to fabricate thesz
diecs was not too difficult. An investigation of forging facilities in this country
revealed that only two companies had electric furnaces, ingot molds, and
forging presses that were sufficiently large to process the larger dies ("C®
and "E"). A sligbt modification in the design of the "E" dies made it possible
for 2 local company to pour and forge this set. By a fortunate coincideace
this was the only local compeny that also had machine tools sufficiently large
for machining these dies, Thus, it was possible to place just one order with
a local concern for the complete manufaciure of the "E'" dies (except for the
contouring of the mold surfrces).

A thermodynamicist determined the requirements of the steam for
heating the dies; an outside consulting firm designed the heating -control sys-
tem. These controls were necesasary in order to maintain the temperaturs of
the dies at the desired value until the preform was loaded, to raise the tem-
perature at a gspecified rate until the molding temperature was reached, and
then to maintain this temperature during the curing cycle, The countrols also
included the necessary plunbing and valves for cooling.

A safety engineer checked these dies in relation to safety, insurance,
and health, His approt al of the design of all the diea as well as of many of the
items of auxiliary equipment was obtained before fabricatior was started.
Among the reasons for this cencern were the following:

1. The resin in the material of which the part is made contains a
certain amount of volatiles.

2. The preform is made on a fixture that is heated to 190°F, and the
material is heated to a temperature as high as 130°F during the
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Aarsy cperatice,

3. The female-cavisy detail pars of cce of e dies weighs over 14
toes, asd toe fermmale die assex=Diy weighs cver 24 toas. :

4. Tiree seis of dies were 10 Se isaded inid the press at lemperatures
ol 195°F we 200°F.

5. Tie stea= texmperatsire is 309F, azd molding temperatare is as
tigs as 3]1G°F.

€. Tte jlass cloth ased in making the radome is irritating to-the skin
of most peopie and some are allergic 20 it. Fine particles of the
material can be carried ia the air.
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To design the auxiliary equipment needed in coznectica with the dies,
a small mackine-design group was set up. The resalts of their efforts are
discassed in the following sectioa.

I. vil. DESIGN OF DIE-HANDLING EQUIPMENT

ST

Thz excessive weight of the main parts of these dies as well as the
large number of different handling operations required adequate handling
equipment. The design and fabrication of proper equipment was accomplished
concurrently with that of the dies, so that it was available whea these large
pieces of stee! weare to be moved to a particular area in preparation for a

same a3, the male die detail), and for moving the entire layup fixture after 3
asgembly. This is a desirable feature, because it is necessary to get the o
layup {ixture out of the way whan the die is moved into the oven. ! N

-
P

1 certain cperation. .
. To minimize repetition, the handling procedure followed for one set
. of dies will be explaired here, and any additicnal itemrs not typical will be
. added as the discussion procseds. Fcr various rea<ons it will be most con-
- venient to describe the equipment that is to be used with the last set of dies
. ("E" in the Table); however, the illustrations will be those of the equipment
I for the "D" dies. @
\ The large forging for the male die contained a cylindrical knob on the _t
N smaller end. This knob allowed adequate handling in the machine shop and &\!.
. also served as a means of chucking the m:le die into lathes and vertical boring E SV
\ mills for turning the face at the large end and boring the inside. i ._Z ]
oo
! The first handling fixture (see Figure 3*) designed for the male plug @
: served several purposes. The base was fastened to the male die so that it Ak
could be clamped into the vertical boring mill for contour machining. After £
\ the rnale form had been lifted onto the mill by the knob, which was then ma- ;:: 8
. chined off, the noase-pin hole was drilled, counterbored, and tapped. An eye- ' :_' e
' bolt fitting this hole was used for lifting the part irom the mill, aithough the ST,
| handling fixture also could have performed this operation. The eyebolt was ®
primarily designed to be shipped with the mals die when it was sent out for e
; nitriding and chrome-plating (as in the case of the first three sets of dies). It et
f provided a means of handling the dctail part during these processes. Thsnale Al
. handling fixture had two other uses: it providsd a meaas for handling the | Y
: detail male form for the layup fixture (which was either similar to, or the ?
c

The female die also had a large knob on its smaller ¢nd that facil- R
itated handling in the machine shop and provided a means cf attaching the die RN
P
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to the face plate of the lathes and boring mills. Alter heat treating and rough z'::,'."'-:“l 3
machining, the {emale cavity had a wide flange welded to this knob, andthe = |~ g
holes for attaching the collar were drilled in the other end of this part. To '
handle the die after this stage of fabrication, a fixture was designed to grasp
it at the nose end, and a set of eyebolis was purchased for the open end. A
set of equalizing slings was also purchased so that the die could be moved in

a level position. Because the fernale die required a large amount of handlin
in various positions (this was particularly true of the first three female dies),
a rotation fixturs was designed for turning it over. With this fixtucc the var-
ious shops could contour-machine with the open end up, ritride with the open
end down, and then chrome-plate with the open end up again.
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A simple, table-type fixture that could be used with all five female
die assemblies was built to serve as a storage fixture as well as for the as-

sembly of details into ihe die and the inspection and cleaning of the die assem-
bly after use. :

Additional equipment suitahle for use with all five sets of dies is
needed for the molding cycle. With each molding cycle. the "C" and "E" dies
have to be moved into the press and then out again. A die-trar sfer truck that
moves on roller skids is used for this purpose. Due to the limited height in-
side the press, it is only five inches high.
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A pair of tracks was laid to guide ihe truck to the press, and a winch
was installed to move it. A series cf pulleys enables the operator to move
the truck down the track in either directicn. A turntable is used to turn the <
die and head it into the oven. The track frem the press to the turntable con- Y
stitutes the die-loading area; a track perpendicular to the first track and ——
running from the turntable to the oven forms the layup area. Directly in front " '
of the press is a steel plate covering the pit. Reinforcement was placed in the
pit under this plate, and a temporary track was installed over it. The bed of
the press has a bed plate with machined grooves that correspeond to the track.

This plate serves as a track inside the press and can be left in the press
during the molding cycle.
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The molding cycle is as follows: A preform (layur) is made on a
layup fixture. It is then stripped Irom the {ixture and loaded onto the heated
male die, which rests on the transfer truck. The heated female die is lifted
from the storage tablc by the use of the handling fixtura, the equalizing
slings, and the crane; it is leveled and then lowered over the male die until
it hottoms. The handling equipment is uncoupled, and the assembly on the
truck is pullad into the press by the winch. The truck is positior :d on the
grooved bed plate with pins provided for this purpose. :
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The dies are then rejeined with the control panal; the upper platen of
the press is lowered uatil it contacts the die, and bolts ave inserted to tie the
die to the upper platen. After the male and f2male dies are joined, the upper
platen is raised, and the truck is removed from the press. The bed plate can
also be reamoved, but this is not necessary. The die assembly iy then lowered
until it contacts the press base platen (or bad plate). The lower bolts are in-
sevted, the tie blocks removed, and the dies are closed under pressure as
the controls are adjusted.
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Aftar the part is curad and the dies have cooled, the press is cpened
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to break the part from the female; the part {s then stripped from the male.
The dies are then closed, the tie blocks are inserted, the lowes boits are re-
moved, and the die assembly is raised. The truck is then moved ir, the die
is lowered to the truck, the upper bolts are removed, and f{inally the die is
moved out in front of the press. The handling fixture ia installed on the fo-
male die, the tie blocks are removed, and the female is lifted frorm the male

with the crane and slings and is set on the storage table; the finished part is
then removed from the male die.

For the "A,"™ "B, " and YD" dies, the procedure for loading the dies
into the press needs to be followed only once; the dies can be opened after the
mold cycle, and, because of the smaller size of the part, it can be zemoved
from the open dies while they are still in the press.

VIIL. DESIGN OF OTHER MISCELLANEQUS EQUIPMENT

In addition to the matched steel dies and their handling fixtures, var-
ious other items of tooling and equipment are necessary for the high-pressure
molding of large radomes. The more important items are discussed below.

The layup fixture (see Figure 4*) mentioned previously is a very nec-
essary piece of equipment in the molding of any laminated prart. This fixture,
on vhich are built up the preforms that go into the dies, is essentially a male
die with a stripping mechanism and is mounted on a base having casters. It
enables the technicians to build up pieces of impregnated glass cloth into the
rough radome shape. This form must be stearn-heated and the {ixture must

provide easy access to all parts of the form for ircning, trimming, pressing,
etc, )

Duae to the thickness of the part (approximately one quarter of an inch),
it becomas increasingly difficult to heat each succeassive layer of cloth in the
preform because of the {nsulation offered by the previous layers. Proper
heating of these layers is accomnlishicd with urnit electric heaters. To ensure
that the temperature is uniform aad stable, 2n enclosure was built around the
layup area. It cousists of a msatal framework covered with canvas and has
lights and an exhaust fan on the ceiling. The entire assembly is suspended
from one coluran of the building; it can be raisad out of the way, or it can be
lifted by the craune and stored in another area.

To handle the largest preforms {those for the "G" and “E!" radomes
weigh over 100 pounds each) a cluich davice is uzed to reach inside the molded-
in ingert, grasp it, and lift the preform over to the male die,

A set of adapter plates was built for micunting the "B' dies in the
press. Thesge plitss contain bolt Licles that match the holt pattern in the press
platens as well as thoge in the base and upper flange of this sa2t of dies. The

plates also contain bolt patterns for other dies that were used in molding parts
other than the large radomes.

Siripper pocts of various leagths and designed to fit the ways of the
press were used {or breaking the dics spart. Those posts are used in pairs
and fit vertically beowzen the strivper cylindars in the press base and the
upper platen,
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It was necessary to machine some of the radormnes molded on the "D*
dies to various thicknesses for electrical testing. The initial machining was
accomplished on the male die before stripping. The radome, still on the
male die, was removed from the press and, by means of the handling fixture,
was m.ouated oa the boring mill for contour machining. It was then stripped
from the die by means of a special fixture. The main advantage of machining
a part on the male die is the accuracy that can be obtained.

4
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For additional machining of the above parts, for machining parts al- -
rcad; stripped from the male, and for t.imming the radomes to length (both TR

ends), a machining mandrel was built (2ec Figure 5%). Ir order to duplicate :‘“{,_
the male dic as closely as possible, the contour of the mandrel was turned ca 1!
the boring mill using the same template that had been used for turning the N4
contour of the male die. An abrasive-whtel cutoff mechaaism was used to I
trim the radomes to length. D¢
@]

A template and template mount were other necessary items of tooling. : ?\

] The template mount was used for locating and holding the template cn the bering

mill during the contour-machining operation. With the use of a compensating B

tracer stylus and 2 micrometer-adjustmunt device on the tracer head, both of Fie
' which were designed by the development group, it was possible to machine both Y

| the male and female Cies of each set with cily one template, a enigue &ccom-

plishment.
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{ A gags was developed to check tae thickness of the D" radome as it - ;iz
; was being ma~hined ou the mandrel. This gage, which fits over either the SNy
male die or the machining mandrel, gives the thickness reading directly for — :}:

any roint cn the radome. It also serves to check tool wear during the ma- _ .

chining operaticn and indicates if the radome has slipped from the die or man- )

drel (see Figure 5%). %

The thickners of the finished radomes is measured by a mechanical S -j':;\~

thickness gage. The radome is suspended by its nose and the instrument : R

enables a direct reading to be made of the thickness at any point by raising Y

(or lowsring} and rotating the radome. Although considcrable work was Jdone b

on electronic thickness gages, a satisfactory gage has not yet been developed.

i

The "E" radome has a metal ring assembty spliced to the ait end for
mounting the radome on an airplane. To ma-hine this splice joirt in the ra-
dome, an automatic thickness router is used in cotnection with simple jig !
that holds the work. Then the radome and ring are loaded on an assembly
fixture for locating the parts ard drilliag rivet holes and for riveting the parts
together.
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Scveral other items of tooling were designed for this program, such
as test fixtures, inspection tools, and a bulk-reducing fixture, however, they
will not be discussed since they have little direct becring on the actual die
program, '
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IX. FABRICATION OF TOOLING,
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The "D" dies were the first set to go to the shop for fabrication and
are the only dies that have been completed (see Figures 6 and 7*). The follow-
ing discussion of [abrication problems will therefore be concerned with this set.
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The most difficult problem, in the opinioa of the writer, was that
invoiving the use of the kcring mill in machining the contour of the molding
surface of the dies. Because of the accuracy which can obviously be abtained
by the us= of only one template for contour-machining both male acd female
dies, our sngineering group developed 2 method that would make this possible.
This operation involved the design and trycat of the micrometer adjustment
and compeasating tracer stylus mention2d previcasiy. The method is an im-
provement over the tried-and-true rrethod of using matched templates to
machine matched dies — a maie temolate for the male die and a female tem-
plate for the female die, the set varyiag by the thickness of the finished pazt.

Aunother prablem that came up in comnection with the "D" dies was
the alignmeczt of holes for the automatic strippir. : mechanism in th female
collar. It was found that jig bering was the cnly sure way of attain, 1g the
aligarrent betwyeen the oorizontel and vertical holes for the i2 sets of cams

and slides. This was an expensi-e ané difficult operation because of the hard-
ness ol the kzat-treated forging. ' '

Hardening the wear surface of the female collar was also difficult.
The drawing statzd merely that it shouid be of a certain hardness and the pro-
redaure was left to the machine shop. The choice of flame-hardening was
eventually made because the machine shop that was building the diez had de-
veloped that process to a bigh quality. There “vas considerable reservaticn

in this choice because of the-pessibility of cracking around the jig-boted holes.
However, the fina] results justified the decision.

Ancther problem encountered was that of szzipling {rom the forging.
Several tensile-test specimens cut from the excess stock of the female die
were tested to detérmine core sireagth and hardness. In addition, specimens
were cut from the knob of the male die for hardness measurements. These

twc aress viere not truly typical of the forging, but they wers t:e oaly ones
frc n wkich specimens could bz taken.

Oneof the hardness specimens sbowed a banded structure, with bands
ehbout 0. 040 inch apart, and its hkardaess varied as much as 11 poir*s oa the
Rozkwell C sc2le. The boring-mi!l operator had complained of "karo spots™
while contouring, s additional samples were cut. Since it was not possible
to obtain this banded structure eisewhercz, it was written off as enly a local
characteristic at the most-necked-down area of this particular forging.

To scal the steam chambers, a matevia’® was requived that wculd
repeatedly withstand the temperature and pressure of the molding cycla, How-
ever, because s2als of teflon were used, grea: difficulty was encountered in
compressing a large area of this material when assembling the steam chambers.

Delivery dates proved a serious handicap. As a policy, mos{ machine
shops underestimate the time necessary to fabricatz a piece of tcoling. This
practice makes it difficult to schedule an entire precject.

X. CONCLUSIONS

The tool-development program discussed in this paper is onlv partizlly
compiete but progressing very rapidly. However, many montis will pass before
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it is completed and a final repurt can be written. The results obtained thus far
are available for the advancement of the art of large-radome development. -

Y

-

The experience gained from the molding and testing of these radomes,

as well as similar smaller ones, has provided data that will be useful to others
who are working on similar parts.

The large press, the very accurate boring mill, aad the other equip-
vaent have contributed significantly to the successful development of large,
_highly accurate radomes. It was fortunate that procurement of this equip-
rent was initiated early in the program, because it takes about a year to build
machine tools the size of the press and mill, and it requires almost another
vear to put them intc good running order in a particular plant.

The developraent of reliable sources for engineering, materials,
machine work, and testing is another result of this program. The search for
taese services is very time-consuming when they are not readily available,
and they are very oftea necessary before even the planning can be started.

The finished designs for five different sets of matched dies and their
auxiliary tooling have provided the dzsigners engaged in this program with a
vast amount of information on which to base future designs. These five de-
signs have been completely enginsered and are ready for fabrication. In fact,
much of the tooling has been fabricated and has been checked in actual operation.

Finally, the results obtained by the use of the tooling that has beea

.
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fabricated and data on the parts that have been manufactured and tested, as . ‘a
well as on the equipment that has been proven Ly actual use, are contained in - ¥
reports readily available tothose interested. In addition, there are many e
! other reports on the engineering studics tha. acco:npanied the desiga of this &
large tooling; ali are available from the writer. 5
! TABLE ¢ 2
GENERAL CHARAZTERISTICS OF FiVE SETS OF MATCHED DIES !
t R y
! DESCRIPTION “A"DIES |"B" DIES |"C" DIES|"D" DIES | "E" DIES
Radome Diameter in Inches 24 1 23 38 24 37
! (Approximate) '
Radome Length in Inches 37 . so , 83 37 18
! (Approximate) |
Maximum Press Load (Tons)| 500 900 2500 225 539
j Maximum Average Molding 2200 4300 4300 1000 1000
5 Pressure (psi)
‘ Total Weight of Dies (Toas) 6 8 37 5 13 ¢
: '
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. Because of the format requirements of this publication, photographs can not
be reproduced. Those figures not included here can be obtained hy requesting
them from the author. A list of these figures and their captions follows:
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- Figure 1. 2500-ton press HAC Photo No. S11423 ;

Figure 2. Vertical boring and turning mill HAC Photo No. S13336 ;&1
i Figure 3.  Male die detail in handling fixture HAC Photo No. R34755 | ‘@
: Figure 4. Layup fixture with preform HAC Photo No. R36157 }
Figure 5.  Thickness gage on machining mandre!  HAC Photo No. R38527
Figure 6.  Male die assembly HAC Photo No. R38699 N
j Figure 7.  Female die assembly HAC Photo No. R38697 E:
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THE MEASUREMENT QF PHASE DELAY
on :
DIELECTRICS AT MICROWAVE FREQUENCIES
by

EMANUEL H, GROSS
EINO J. LUCGHA

Wright Air Developmsnt Center

For the past several years, Airbdorme Fire Control Radars have Deen
_ improved considerably and bave become a necessary part of USAF aircreft.

To utilize the full potential of the Weapon Systems, the radome has
to be designed, duilt, checked and corrected in vast quantities., In en
attempt to meet this demand, large scale construction of facilities has

begun,

Interferometers, boresight measuring equipments, transmission end
AR 1 . reflection test ranges and dielectric measuring equipments have deen and
% : are Seing constructed in en attempt to desiga and pxoduce the required ra-
:"-“ﬁ?{'i‘f domese.
KL%~
"':: Even at dest, the testing, evaluation and correction of fire control
‘\ radozes are tims consuming and costly. One of the many attempts to reduce
e - the cost and tims involved has been directed to the improvement of tesat
— equipmente . . :
3 -.c_’_.
:- ¥right-Field looking for a simple go or no-go gage for production
e testing bad in wind a single horn, induction or perhsps a cspacitive type
T device 1o detect the electrical phase vardation in all types of readome
Y valls. This device had to be small, easily cerried, accurate and simple
2 to use. Tho main objective was to be able to uss this device on all
BN shapss and sizes of radomes regardless of the material used in its basic
Y construction,
o
\'& A device was conceived, by the Radome Branch, Wright Air Development

e Center, whereby the rveflection coefficient could bs used to determine the
e "~ squivalent electrical thickness of a radome under investigation, with a
single horn at normal incidence.

One of the prospective sdvantages of this new instrument lies in the
fact that it not only indicates.a rejected radozs but can tell the opera=-
tor whers and to what extent, either positive or nezative, the radome is
out of tolerancs "electrically". Anothor advantage lies in its simplice
ity of design end operation which reduces testing time and cost,

Figore ona (1) shows the basic diagram. A Klystron is used to sup=
ply emergy at a 1000c¢ps modulated X band frequency. The forward sensing

WADG TR 55-393, Vol I 136
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directional coupler (D)) ix used to detect the forward energy from the
Klystron. The other directional coupler (D3) is used to detect reflectad
energy from a semple whea placed at the antenna sperture, A precision
constant phass attenuator (i) is placed in the forward sersing erm of
directional coupler (D1), and a constant amplitude phase shifter (§) is
nlaced in the roflected energy axm of (Dp)e Energy is fed i..m (A) and (f)
to the hybrid arms of a mezlo tes. A orystal detector on one of the cape
lener arms of the magle tee is conneoted directly to a V.T.VM. The other

coplaner arm is terminated by the use of an E-H tuner and a resistancé load. V )'

By adjusting the attenuator in the forward energy arm, it is possible
to obtain the exact magnitude of forward energy to balance the reflected
enorgy at the magic tee thereby giving a null. Further, by adjusting the
phase shifter, either automatically ox manually, it is possible to get a
vory sharp null in amplitude and in phase. The calibrating of this device
is accomplished by a metal panel placdd at the entenna aperture..

THEORY

Electrical thickness, effective dielactric constant end phase delay
and their variations caen be determinad by mdasuring the reflection cosffi-
clent of a dielectric test pansl, or radome. In obtaining the reflection
coefficient, a known reference is required against which the signal re-
flscted from a panel can be compared. When a metal calidration panel is
used, the reflection is 100% and the phase reversal is @ .

I¢ |P|2 is the power reflected from the redoms penel, comparing this
with the 100% metal panel reflection means that the |P|2 is |R|2, the abd-
eolute value of the complex reflection coofficient of the radome penel,

If P' is the measured phass indication of the signal returned from the
pansl, using 0° as a calibration point, which was obtained by use of the

_metal panel, them Tr+ P! = R' will be the arguwent of the reflection co-

eZficient of the radoms panel.

Ths electrica} thickness, effective dielectric constant, and phase
delay, and their variations can all bo computed from R end R'. A solid
wall, at normsl incidence for the losaless case

R':é}" +T D)

»

where T' is th2 argument of the complaex transmission cosfficlent. Since
phase delay is expressed as,

ys T'_Z_’%‘_ﬂ (2)

where 4 is panel thickness and the wavelength, we have
sg.3r. 2rd
y:=R-% Y {3

Thus we have expressed phase delay in terms of measurabdble quentities,
Since,

2
R'=-§é!f--arc tan L tong  (4)
|wr?

YADC TR 56-393, Vol I 107

T W ——

T R et gt g

N R

e e e

RS




L RSN 3 S S QU S SR SN B T8 P ¥ p 8 A S E W SO NI SN Sl W s A S,

1-VE
where rs =
_u\/t

and g %{i\ﬁ' \ (electﬁcal thickness)

e _4ar2 sindyg
N-r2)2 + 4r2 sin2y

then  RJZ = 1-I7l (5)

now we have two equations expressing the measured R! and |R|2 in terms of
. and ¢ These two equations caa be solved aimltaneously to give ¢ 1n torms
: _ of R? epd |R|2, Sines dielectric constant &
5 " 2 2
{ € £ (=) (g
] atge M*C
wve have the dielectric constant in terms of known quantities, Simiiarly

the equivalent formilas for the more complex cases such es ssndwiches end
lossy redoma walls cen be devised utilizing normal :lncidenco.

‘g The Dalmo-Vietor Company wes avarded the development Contract AF33(616)
o «3092 %o ccopletely develop such an instrumsnte The final instrument will
ey _ feature sutomatic mull eesking, recording, te small and light weight, and
Bt | _ will bs excepiion=lly easy to oqwrate. It is expected that the accuracy .

{ - will be 2 1 elecirical degres, Delivery should be withing the next fev

i mcnths.
CONCLUSION

If such a devies as this meets all expectations, fabrication of fire
consrol redores including monorulse can be checked accurately and quickly.
"l This device is not expected to replace all the other largs equipmsnts, but
Rl ‘corteinly will expedite the prcduction testing, correcting and firal appxoe
‘il val of guidence type redomes.
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HUGHES AIRCRAFT COMPANY
RESEARCH LABORATORIES

()

Culvér City, California
ELECTRICAL THICKNESS MEASUREMENT BY A SINGLE-HORN
METHOD ;
o by
H. R. Hope

In order to correct the boresight error of a radome, it is nscessary

oSS S to start with a radome whose walls are uniform in electrical thickness
P ) over any given cross section taken perpendicular to the radome axis. It
SOOI . is a difficult problem to manufacture radomes of uniform electrical

SO thickness; therefore, it is desirable to be able to measure the electrical

¢

o thickness of the radome wall, This measurement may then be used in a
L control procedure in the manufacture or subsequent correction of the

. radome. The most common method of making this measurement is by

';\ 1 means of a two-horn interferometer., This method is in general satis-
]l F factory; however, particularly for large radome of a high fineness ratio,
par) the mecharical problems of maintaining the separation of two horns, one
; ‘.‘,Q 2 . inside and one outside the radome, to close tolerance becomes very
W : difficult. Thus, it would be desirable to obtain the electriczal thickness
o of the radome wall by means of a reflection measurement using only a
f‘ T single hora placed outside the radome. Such an apparatus kas been
o designed and constructed at Hughes Aircraft Company and is the subject
_,“3 , of this paper. )
:}‘ ' { The electrical thickness, ¢, of a dielectric panel is defined by the
: equation : a A
.~ ; 2wd
3 ‘ _ ¢ = — T; N'¢ 1)
ot ‘
: :
BN at normal incidence, The reflection from the panel has minimum ampli-
3 tude when¢ =qw. Then, if Ay is the wavelength for minimum reflection,
9 i form =1,
w3 .
Ko 4
¢ I R
*
%\ : g = 27d ‘ ¢ (2)
o Nom
N | Dividing (1) by (2), we obtain
i _Am _f
- ¢ =~ " =F." {3)
o
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¢ is the electrical thickness at the operatm‘g,frequency or design frequency. .
of the pancl, If dielectric constant is desired, it may be computed from - =

E €@ 5 e o ‘4’
. 2d4) . 2 £,
| LP.D, = ¢« —-z-'i’-‘-i- S o {8)
~ Another term in tommon use is insertion phase delay, defined, for
" ‘normal incidence by equation (5). The above is valid only in the far
field of the horn, which is not strictly the case with the present apparatus,
A block diagram of the apparatus used to measure the reflection from ‘J; X
SR the panel is shown in Figure 2. As may be scen, it is basically a re- ' S
;E‘ flectometer setup terminated in an E-plane rectangular horn, The fre- o
q : quency is swept by means of a tracking klyatron, the frequency of which k
{3 is varied with a hand crank. The reflaction is -measured with a directional -
T ’ coupler and crystal detector and is displayed on a recorder. The recorder N
o table is servo-driven along with the kiystron frequency. Thus, a graph .
with reflected power on the vertical axis and frequency on the horizontal
axis is obtained, ' .
The measurement of the frequency at which minimum reflection occurs .
is complicated by the fzact that interactions between the horn and the ’
dielectric panel occur, thus causing minima to appear at many frequencies.-
A . As shown by R, M. Redheifer, l this interaction is dus to two causes, -
: : First, the reflection from the panel adds vectorially to the reflection at
vy the mouth of the horn dus to the mismatch of the horn to space. Wken these
S two reflections are out of phase, a minimum will occur, even though the !
N ' reflection from the pansl ia not a minimum, This effact has been reduced
Ty by the design and construction of an extremely well-matched horn. The
R horn is flared to an E.plane aperture of approximately 1 1/2 inches. The
' ' transition from the waveguide to the horn is a curved section tangant to
| two walls of the waveguide, thus minimizing throat reflections. A ground
o plane 3 inches by 5 inchas i3 located at the mouth of the horn. The remain-
b ing miamatch is minimized by the insertion of a teflon strip and a block
2 3-_. : of polyfoam in the mouth of the horn. The horn match is shown in Figure 3.
oN A second cause of interaction is tha backscattering of reflected energy by
o the harn and the resultant multiple reflections between the panel and the .
o | horn, This effect is naturally aggravated by the ground plune used for
R matching. However, probably due to rapid inverse - squaze atteucaticn
S of these multiple reflections, they have been found experimentally not to
[ interfere with the measurements as did the interactions due to misinatch
.:._:. of the horn,
o |
(R _
b l. R. M. Redheffer, "The Interaction of Microwave Antennas with Dielectric :
/N : Sheets”, M.1.T., Rad., Lab., ReportR - 423 - 18 '
o
':"f\:
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In order tc test the operation of the equipment, three 12 inch by b inch -
panels of plexiglass ground to thicknesses of 0.437 inch, 0,414 inch, and
0.392 inch were made. Curves of reflection versus frequency are shown
in Figures 4,5, and 6. The dielectric constant of the plexiglass was then
computed and compared with the dielectric constant as computed from a
measurement made on a small sample of each sheet in a cavity dielectrom-
eter. As may be seen, the measurements by any one method agree with
each other within } 2 percent. However, the reflectometer measurements
are considerably lower in value than those made with the interferometer
and cavity. It is felt that this ia due to the fact that spherical rather then
plane waves are incident on the panel, thus increasing the apparent angle
of incidence. This effect becomes smaller as the dislectric congtant is
increased and the panel becomes thinner. A sheet of epoxy - Shell 1001
12 inches by 12 inches of thickness 0,278 inches was measured with the
i . reflectometer as shown in Figure 7. Its dielectric constant was com-

- _ puted and compared with a meascrement made ca the panel with an inter -
\ o4 ferometer. The measurements all agree to within 2 percent.

T i -

L Many measurements were made on radomes, since this was the primary
e purpose of the instrument, A typical measurement is shcwn in Figure 8.
5 This radome has previously been found to be electrically uriform with

{ 3 : . reapect to rotation with the Hughes Aircraft Company boresighting equip-
'_ {- ment. The dielectric conetant and electrical thickness at 060 mcs, are
) stown and compared with resulta cbtained from an interferometer. No -
2 : change in electrical thickness with radome rotation was observed. Both
s measurements were taken at a peint where the radome was about 5 inches
3N

A in diameter., No effect due to the opposite wall of the radome was observed.
4 A second radome, found to bs asymmetrical with respect to rotatien with the
borasighting equipment, was :neasured, This radome has a variation in

paysical thickness with rotation of 0,004 inck in addition to-a variation in
e dislectric constant of the wall, Eilactrical thickness and dielectric constant
pion s ‘ measuremeants at various retaticnal positions wera computad and compared
o ’ with measurengents made on an interferometer. The electric thickness
S ; varies about 8~ {rom the thin to the thick portions of the dome.
.; -All of the measurements were made at an optimum distance of 3/4
S inch frozm the horn to the panel., Variations of £ 1/8 inch cavse no
NN { appreciable shift in the frequency of minimum reflection. At distances
K<y | much smialler than 3/4 inch, tbe reflection from the front interface of the
'-}: { panel becomes largs with respect to that from the rear interface of the
SN \' panel due to inverse - squarc attenuation, and thd minimum almost disap-
' .v‘ _ i pears, At distances much larger than 3/4 inch the magnitude of the re-
B }; | lection from the panel picked up by the horn becomes too small for
AN ! satisfactory measurement. The range of the tracking *lystron and of the
,\.- ; born match is 8000 to 10, 000 mes; thus the instrument .a limited to a
3 ! range of L 20 parcent in dielectric constant or 20 degrees in electrical
b b d thickness if the pansl or radome is designed to be a half-wave thick at
- @ i nermal incidence at the center frequency of 9000 mes. Obsiacles such
BN } as panel edges in the ficld of the horn do not seem to affect the readings
R 1 of the roflectometer greatly. Panels as small as 6 inches by 6 inches
o
Lyt !
A
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give satisfactory results and it is felt that 3 inch by 3 inch panels will .

also be satisfactory, although this has not yet been tried, The measurss

- ments made by the reflectometer are consistently too low especiaily -

for panels of low dielectric constant. Thus the instrument in its pres~

form must be calibrated for such measuremente. However, the rela-

- tive measurements at varjous points of a radome wall are sufficiently .
accurate and are still very useful. It may be possible to apply a

theoretical correction to account for the fact that the panel is in the .

- ‘ near field rather than the far field of the horn. It may also be pc::ilic -~

- to construct a lens in the mouth of the horn to precduce more neariy
- plane waves' at the panel. : ST

. , The reflectometer is being modified for normalization wit’; a ratio
meter to eliminate errors due to variations in klystron output with
frequency. For rapid measurement, the tracking klystron will be
replaced by a traveling-wave tube electrically swept through the 8000
to 10, 000 mcs. range several times a second. The reflection versus
frequency may then be displayad on the face of an oscilloscope. An

attempt is being made to construct a matched horn without the use of
a ground plane, ‘

It is felt thal the present instrument is capable of a relative measure---
ment of dielectric constant with an accuracy of £ 2 percent, electrical

thickness with an accuracy of X 1 percent, and a resolving power of one
- electrical degree.
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4 NCK-DESTRUCTIVE TEST METHOD FOR SANDWICH STRUCTURES

B B
: Robert W. Matlock
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I: 3 Early radomes were usually overstrength dus to the electrical requirements for . g_‘i
AU N sendvich thiciness, the double contoured shape of the parts, and the slow speed 3
I S of the aircraft on wiich they wers installed. This condition of overstrergth )
- £ 1s gradually being elininate3 by nore critical weight requirements, by higher

AT S speeds and related higker loads, and by higher temperatures vhich rednce ths

LN physical properties of the materials, It is apparent that the "fat® of over-
i\ 4 strength radazes is in ths fire, and high margins of safety of sandwich structures

5; bolong to ike past. .
BN ]

Y ] The h*gh marging of safely of early radomes was an essential factor of their

v ‘ design, It vas kno:m that bonds were weak and inconsisteat. Parts were tested

N by tappin.g vith a coim 4o detect unbonded areas. Quality control was linited by

) 1-ck of knowledge of the factors which influenced part strength. Radeties

j:. faoricated to early standaxds wonld dbe entirely unacceptable todzy, primarily

i : becausa of low snd inconsistent bond strength. _

;
s f : The vse of ssndwich consiruction in aircraft is increusing, both for redomes and
S other struztural ccoponents. The rademe itself is fast becming a prirary
& ¢ structural cosporent whose failure wonld endanger or cause the lcas of the sir- 5
'.~ craft. The radome may be nececssary to the shape of the aireraft fo. conirolability,
,‘ ' " ray carry czbin pressuve loc. sy airfreme loads, or perform other viial fonelicas.
s There ccu te no compromises with quality.and no inconsistenciesof strepgth with
) _ thesa primary structures. .
X Brcaose fabrication methods ave couplex. consist of many varizbles, each of wich
Sad ] is subject to Iman errcry y.sitive knowledge of quality and strength is needed.
S In particulary preof of ad=nuate bond strength i1s required. This paper presents
X j I a device and a method which has been successfully used since 1948 for the -
S detection of weak bonds in sandwich structures.
LN
LY (‘ 3
.‘_.:g | Method of Coeration:
"_, i
: ‘ t Any enginesr is familiar with a punch press and the method used in punching holes
.:. in e sheet of metal, Feferring to Figure I, it can e seen that when the load
t MPR on the punch excesds the shear resistance of the material around <he periphexry
- \ of the pwach, a plug will be sheared out of ths plate, The shear stress at
b | fsilure is:
YU P P :
3'} A fs =3 =y (1) (Ref. Figure I)
T
A ' A 1
TR
£ .
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At If the supporiing collar be increased in diametsr, the plate will be subjected
Sy 0 a bending stress. as well as a shear stress., However, the sheer stress around
T the perimeter of the punch will be unchenged. (Ref. Figure II}. Furthermore,
gl if the plate be changed {0 a sandwich, ths conditions of equilibrium wust still
A by satisfied. In this case the shear stress will exist principally in the -]
GoN sandvich core material (Ref. Figure III) and will have the following walues -

:,.1,.;,
AN )

- ?
e fa=y = ﬂ-din-t') @ F
O E &
OO s i
LN The shear stress so imposed in the sanduich core materisl is identlcsl to that
N produced in the standard flexural test specimen, (Ref. Figurs IV). The shear

:
¢
:

o,
2%

cases 1s transferred across the bond betweon the cors and the skin, 1
The bond strength 1s thus measured by the failing icad., It is noted that the
shear stress inducad Ly the tester is a maxiwzm at thes exact periphery of the .
foot, and decreases in proportion Yo the diamsters of ths concentric circles. 3

In the begiming the simple device shown in Figure V was usods The weight "u®

?,

)
- 1

ol B e e g
FL) X .
[N
LU
o

~,.'- was lowared onto the panel at the prescribed intervals. Becauss of the clumsy

o rature of this device, its constant load, lack of portability, ard difficulty of

A -applying it to radcae shapes, a bsatter method of apolying tho load was needed.

This better method vas fourd in the vacum cup. (Ref. Figure VI). :
R ' : ;

'. }:‘: The principal of opcration of the cup is obvious on inspection. Waen the cup is 3!
e

e

evecuated, loed is applied between the foot end the sandvidlz thus creating the

»
’
g

v [

shear stress in the core. The load on the foot may ba calculated as follows: F

\.h —
-"‘¢
Dy2 E
P P= ap A =ap7r(y) ) .}
% |
N vhere p 1s the vacuum, psi, and other symbols are as moted in Figure VI, HNota H B
;“ _ that this equation neglects the area under ihe foot. ! a
-, {
2B The shear stress in the ccre material 1s approximately equal %o the following :
W values ok
":5.’ 7p2 ap 2 ap :
{c‘_-‘.' Ty = 4 - D {4) :
A s . f
" 47 d(o=t) ~ 4(n-t)a :
S\
.! A prototype vacuua cup device was delivered to the Forest Products Laboratory in 2‘ h
N 1950 for evaluation. Report 1832-B was published as a result of this work and N
-7 reports the following conclusionss PR
‘N P
. }:_' 1. Poor tonds in sendwich panels having cores of alumimm foll honeyconb, glass f ';
%L i cloth honeyccab, or balsa, can be detocted by proger use of the tester. { %
" A 2, Tt makes no difference on which side of the panel the poor bond occurs. %
;;::,\; 3. Cores which fail without sudden failure, such as CCA or cotion honeycomb, P
: {‘-‘ cannot be detected. 3
-.\‘:n.‘ ) :
9. |
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. The instrument is approxinately as effective as s flexural shear teat in
detecting poar bonds, but not as semsitive as a flatulse tensile test.

Since publishing the above réport, Forest Prodects Izboratory has fabricated and
demonstrated a tester using a large vacam ares and a large number of feet. This
variation may be useful if a large mmber of like parts are to be tested. It is
apparent that Forest Products Laboratory feels the device will succeasfully test
3 the bond strength of sandiich paneis. Ia satition, the author has used the device
1- for approximately five years on verione >gicees Jgdwicated oy Zenith Plastics
Company and has shoun the testor to be a2 wimble instrument for quality control
or Materisl Review Disposition work.

Comparative Tests:

]

In order to campare the results obtalned by wse of the tester with flexural shear
and flatwiss tension values, 4 series of five panels representing typical radome
configurations wers fabricated and tested. The panels were 36% x 51%, and
constructed as showm delow with glass cloth faces anl glass honeycomb core.

Panel Fusber 1 2 3 4 5
Face Thickness .025 -035 0% 025 035
) Panel Thickness] .534 300 352 298 739
Core Material § 2PE x 6.0 %PE x 6.017% x 8.0 %RP x 4.0{3/16PE x 4.5

Test specimens were cut from the panels as shown cn Figure VII. Results from this
series of tests are shown in Table Y. The ratios of tke minimm and maximm to
the averages are also shown.

3 It 1s roted frem a stuiy- of tha values thzi the sensitivity of the tester is of the
ssme order as that of the flexural shear tests performsd on samples. It may alsu
be noted that in both cases the actual scatter of data is large.
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Y Recormended Method of Use:

5

:! If a large number of like parts are to be checked, it is suggested that a flat

3 panel typical of the cross-sectionsl configmralion of the part be made and tested -
% as outlined in this paper. The test value reccemended for use in checking the

E: part should be approximately 70 of the failing value for the test panel. If the

flexural samples and flatwise tensile samples indfcate the panel is considerably

weaker or stronger than can be expectad of the part, ika test value may be
adjusted accordingly.

If only a limited number of parts are to be tesied, the equations presented may be
usad *o calculate the test valuec#e The value cf shear stress to be developed may

be taken ae the expected value of bond strength or the design values of shear stress
in the core. Standard practice at Zenith is to usc 70Z of the average value of the
ultimate shear strength of the vore in the T%L and IW plane, This value is well below

that whicn will dsmage the core imaterial, but will show up any large deficiencles in
the tond.
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DEVELOPMENT OF A NONDESTRICTIVE TEST FOR GLASS-RINFURGED FLASTIC LAMYNATES

vy

A. J. Schwarber, Jr,
Nondestructive Testing Research, sattelle Memorial Institute

Yor a nunber of years the Bureau of Ships has besen sponsoring
research for the purpose of daveloping instrurentation and procedures for
nondestructively testing glass-reinforced plastic laminates. Original
application of glass-reinforced laminates by the Navy was for construotion - -
of sasll btoets, At present, hovever, the use of these materials has
extended to many other structural end semistructural uses, Tha aver-
increasing voluze of the materials being procured and the structural
requirements involved have necessarily increased the need for improved

“Inspection techniques, Current inspection techniques involve visual
inspection with strong white light, and/or tapping of the laminate. 1%
would be highly desirable to furnish the inspector with instrumentation
to augnent thes tests he currently uses,

An ®idealized” nondestructive-test instrument for polyestera
- glass leminate should have as many of the following characteristics as
possibles '

(1) .Portaoility and ruggedness
(2) ZEconomy and ease of operation
{3) Capability of detection ofs

(a) Delamination

(b) Porosity

(¢) Dry spot

(d) Resin segregation
(e) Iincomplets curs

(4) Avility to moasure laminate thickness

(5) Ability to measure resin or glass content of laminate
{6) Abliity to penetrate at least 1/2 inch of lanmivate
(7) Must e a Mone-side™ inspection tool.

Yerly in the research program, a comprehensive survey was made
of existing equirment and procedures, and the various energy forms used
by this equipment were reviewed for possible application to lanirnte
irspection,

WATDC ™R 56-393, Vol I
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Smples of Iaminates containing dry spot, delamination, porosity,
and resin segregation were obtained from varicus manufacturers, in most
cases the samples were flat panels 6 inches tquare, with thicknesses ranging
froa 0.10 to 0.50 inch, Several samples of glass-reinforced tubing were

-8l1so obtainsd for testing., Several lam*nate panels 1/4 inch thick were made

in the laporatory with small cellophane inserts between the two central

layers of reinforcement, These panels thus contain typical delemination
defects. A growp of special panels vere fatricated by the Material

Lahoratoary of the Hew York Naval Shipyard,

. The min employed was modified with styrene to a viscoaity of
approximately ©00 centipoises, “he laminates were made in a press with
platens heated at 200 F, Polished ferrotype plates were used as the mold,

~and the curing time was 1/2 hour,

In cne group of samples, an attempt was made to hold the resin

,-con‘bent of the pancls constant, with panel thickness being varied, Table 1

described this group of samples.

In enother group of samples, an attenpt was made to hold the
renel thickress constant at 1/4 inch, while the resin content of the panels
was verled, Tabls 2 describes this group of samples. The maximun deviation
of these samples from the l/4-inch nominal thickness is about 4 per cent,

MISCELLANFQUS TESTS *
nspec 4 h

The wost effectiva nondestructive tests currently in use on
lominates involve visual inspection by transmitted or reflectsd white

1light,

Meny tests were made with ultraviolet and infrarzd light, to
deternine whether another portion of the light spectrum might prove more
efficient than the vhite range, but white light p-oved to be superior,

Tne visval irspzetion of laminates is effective sluce most serious defects
cause discoloration in the matsrial, Obviously the method is limived to
trarslucent material, and some other means must bo used where opaque
laninates are concerned,
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TABLE 1, CONSTANT-RESIN-UONTENT, VARVING-TYICKIESS SAMPLES e

— e ] N 7 A

Nominal Number Resin
Thickness, of Content,
Fanel inch Flies per cent

Specifie
Gravity

/8 10 38,5 1.9
3/16 15 39.1 1.76
1/4 20 37.1 1,80

LEBwowa

5/16 25 39.6 177

3/8 30 38.9 1,7

1/2 40 38.1 178 2
~ Note: Reinforcemsnt -- Style 1,000 glass cloth, . K
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TABLE 2, CONSTANT-THICKNESS, VARIASLE.RESIN-CONTENT SAMPLES

.

o6

X Nuaber Reain Content, Specifio
g@(g Panel  Reinforcement of Plies p~r cent Gravity
A —

ol 1 Cloth(1) 21 36.8 1.79

'ﬂﬁk ) 2 CIOth(l) u 32.1 ’ 1086

2 3 clotn(l) - 19 .1 1.7

j 4 Polyester mat(2) 6 75.4 1,40

; 5 Polyester mat(2) 9 62.5 1.48

L 6 Polyester mat{2) . 8 v7.3 145

&. 13 Polyester mat(2) 4 82,3 1.35

& VA Polyester mat(2) 10 57.8 1.5 X
" 15 Cloth(3) 472

48.8 1,63

(1) style 1000-=114 cloth

" (2) 1-1/2 ounce Polyester Mat (Treatment 17)
(3) Equivalent to Style 1000 cloth,
All samples nominally 1/4 inch think,
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laoping Teata

: Tapping laminates with a blunt object is often an effective means
for locating lamirar-type defects, due to the difference in sound generated
when the material above a delamination is vibrated., This test method is ;
currently used to evaluate the extent of questionable areas of laminates. e
Since the results of this test method depend completely upon the skill of R
the inepector, instrumentation to verify his judgment would be very desirable, :
Experiments were verformed with an electromechanical tapping device, in an
attempt to develop Such an instrument, The instrument uses a variable-
frequency relaxation oscillator to control the tapping rate, and another

; control allows the force of impact of the tapper to be varied, A crystal

i 1 detector is used to pick up the vibrations from the laminate, Tho vilbrations:

{ can ve listened to with earphones, and their waveform.may be monitored with
] : an oscilloscope, . , _

3 ; ' . The electromechanical tapper used on glass-reinforced laminates
"did not disclose any more information than routine tapping and listening

8- _ techniques, However, a device of this type may have a possible application

‘. i for inspecting Fhoneycomb® sandwich mete~ial, whsre bonding of the outer

N skin to the honsycomb reinforcement must be iunspected,

Pgs il i
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W A munter of tests were made with liquid dye penetrants, to evaluste
S the application of the test method to laminate inspection, For a ponetrant
N A inspection to be effective, defects must necessarily be cpen to the surface. e
,‘ : Surface crazing and porosity show up very well under penctrant inspection, SR
oo Where penetrant can bs applied to the edge of a panel, delaminations at the e
e edge may be readily located. The method has been very useful for laboratory SR
\Q evaluation of lamirate samples, %% ;
;r | Badiogravhy Tests 3 A
<
:.' | Radiographs were taken of a numbor of laminate test panels, The
5T panels were 1/4 inch thick, made with Vibrin 112 resin reinforced with
s\. 18411, glass cloth, Exposures were mude for § mimutes 4t 40 KvP and
» 8 milliamperes, at a distance of 30 inches, Type M film was used, The
N radiographs clearly show areas of obvious density variation, such as gross
o porosity and resin concentrations., Delsninatlions were not detectsd, This
: method 1s costly and time consuming, and involves a relatively largs amount
! :‘_. of equipment, so it has besn used only for ladoratory tests,
£
)
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ULTRASONIC TFOTR

Ultrasonic tests have been used mces-mnx for a nusber of years
to locate internal discontinuities in metals, The method is effective on ,
most metals since they hi.ve relatively good ultrasound-propagation qualities,
Most reinforced plastic materials have poorer scoustic propagation qualities, = -
Therefors, using ultrasonics to insvect reinforced laminates involves mush -
more than a direct "applications® problea,

Pulse Fcho

A pulse-echo-type instrument uses & quaris crystal to transmit
pulses of ultrasonic energy into the material under test. The time required
for a pulss of energy to be reflected back to the crystal from an interface
i3 measured elsctronically and is displeyed as-an indication on a cathode-
rcy screen, This screen may be calibrated go that the thickness of a
material, or the distance to a discontinuity in the material, can be deter-
mined directly.

Laboratory tests with pulse-echo equipment were made at frequencieﬁ
of 1, 2-1/4, and 5 megacycles per second, No useful results could be
obtained,

Through~transmiseion inspection ig usually accomplished by using
an instrument with two crystals, one for tranamitting, the other for receive
ing, The erystals are mounted directly im line with each other, and the o
work plece is placed between them, An inspootion of this tyve must be .
conducted in a suitable sound-transmitting fluid such as water or oil, The
fiuid provides acoustic coupling hetween tha crystals and the work piece,
The receiving, or detecting crysizl, produsces & slsciricsl signal propor-
tional to the amount of ultrasonic energy impinging upon it, The signal is
usvally amplified and displaysd on an oscilloficore screen, Since defects
or discontinuities in the work piece attenuats the beam of ultrasound, a
suddon decrease in amplitude of the received #ignal as the work piece is
being scanned is indicative of soms defect in the material,

ir, Wnile this test method is not a ™one-sided® test, it was found to
LNy be quite effective for laboratory evalvation of the internal quality of

AN O small laminate test panels. Delamination-typs defects could readily be

ae < 1
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located in laminates up to 1/2 inch thick, The extent of the delaminated
area could be determined, and the panel surface could be marked accordingly.
. Dry-spot and gross-porosity defects also could te located, Frequencies of
: 1, 2-1/4, and 5 megacycles wers used for the tests, with the best results
obiained at 1 mgﬂrm-‘.

Besonant Frequency

‘ - A resopant-frequency ulitrasonic instrument uses a transducor to
transmit the energy iato the work pisca, Suitable coupling fluid {water,
oil, or glycerin) is necessary between the transducer end the work plece,
Rlectronic clircvitry in the instrument is provided to furnish a msans of
swesping a prescribed range of frequencles, If the material beinz tested
is in the thicknegs range corresponding to the frequency range being
covered, it.will resonate at a frequency characteristic of its tkickness,
The transducer registers this frequency as a changs in the electrical
eircuit, This chenge may be deteceted by means of a change in tone of &
aigral in earphones, by an Increase in the reading of a sensitive meter,
or as a Bpip" on an oseillosccpas trace, The oscilloscope trace zmay bde
celibrated 83 that the location of the ®pip" indicates thickness of trs
wvork plece directly., If a deffect or discoatimuity in the work pilece
presents a large enough reflecting surface to the ultraconic cnergy, a
%pip® indicating the depth of the defect below the surface will be seen
on *ths ogcliloscope screen,
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Axdigzce Teats

A mumber of commarcial resomant-frequency ultrasonic instruments were
tested on various laminates, One of the=s instruments, the Audigage, 18 manue
factired by Bransnn Instruments, Incorporated, Stamford, Comnscticut. The Model
FMSS=5 Audigage bas a frequency range of 0.65 to 2,00 negacycles, Using a
special Type B transducer with this instrument, delaminations could be located
in samples 1/4~inch thick, This 1,30 megacycle transducer is made bty sandwich-
ing barium titanate betwsen two layers of quarts, Thickness measurements were
made on laminatés in ths thickness range of 1/8 to 1/2 inch, with accuracies
vithin & per cent, Thicinsss msasurexents could be made within 3 per cent vhen
high-quality laminates were being tested, '

fondgon Jeate

Another cormarcially availsble resonani-frequency instrument testod on
lanirates was tha Sonizon, manufactured by the Magnaflux Corporation, Chizago,
Il1lirols., The standard Sonizon imstrument is equipped with five quarts transe
ducsra that cover the frequsncy rengs of 0.25 to 5,00 megacycles por second, In
eperaiion, a coupling fluid such as oil or glyesrin must bs placed between the
trancducer and the work plecs. Rozonsncs indica‘iors are obsorved ¢n a cathode~
Ty S&reen, Tas sereen ¢an t3 calibrataa to indicste thickness directly.

Tho instrument is designed primarily for the inspsotion of metals,
Ths quarts trenzducess furnishsd with the squipment will not produce useful
resonants indientions from glass-laninzte materiuls, Work is curreatly 3n pro-
gress to edapd bariwa titanate transducers to the instrumend,

Bardum tidzasbe is basically an electrostriotive material which, when
polarized, assvsos propertles ainilar Yo plezoslectrlec materials such as juarts,
Bighse azplituds vibrations can td obtained frem berdun titanats than from: quartse

If the barium titanats transdusers can be used effectively with the
Irstrozont, the cathode-xsy sereen will then produce visual irdication of the
intemnal quality of the laninate uader teat,

Aullo=Trecuency Toals

Early evaluation of varicus energy forms applicable to glass-laminate
Inspsction indlcated that dielectric tests might be developed to the point where
thay coula furnish useful information about tihe waterial, Initisl tests at audie
Lrequancies vore performed with probes having planar consact surfaces, applied to
Flat lauwirate specimens, An audic-cseillator was used to supply epergy to the

e aane s pom——C R e -

o protes, and a vacuum-tube volimeler was us-d to measuce voltage changes in the
E:: grstent, Those marly tests indicated that genstratdon was achloved to a dopth of
3 i st least 1,4 inch in lsminate, and the melbed appeared feasible for laminate ERQ
% i thicknses measursuent from ono side of the work plece, e
X D3 TR £4.393, Vol I 210 e
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Crystel-Opcillator Probe Development

Investigaiion of existing patents on diolecm equipmant

- 3,
. disclosed that United States Fatent 2,601,649 describes an electronic thick-
ness gage for dieleotric msterials, This patent is issued to Mr, H. A, Wadman, LS
and is assigned to the Buhart Manufacturing Company, Hartford, Comnectiout, 1t ek
vas considered that some modification of this gege night te developed into an
inspection inctrument for glass-laminate material, T@
A ?
Degcription : éi
The instrument is designed to detect variations in dielectric materisls, ~ {5
It does this by using the dielectric properties of the material under test to vary o
the capacitance of & condenser in a critically tuned resonant circult, As the
diolectric tetween two plates of a condenser is varled, the capacitance of the ; Fu
condenser 1s also varied, Ths contact electrode of the instrument forms one side .;;}:,
of this condenser, while the grounded shell of the probe forms ihe other sides: . . ho¥
Wnen the contact electrode is placsd eguinst & laminate test place, tie capacie |
tance tetweon the electrode and ground is changed, This change in capacitance |
causes e change in the amount of plate current being drawa ty the crystale
controlled oscillator circuit, A vacuume~tube voltmeter is incorporated in the | B
instrmont to furnish meter indlcations proportional to the sxownt of plate cure ¢ iR
rent being drawa by the oscillator, The instrument may be calibrated so that : N
the moter readings indicats lsninate thickness (vhon resin content of the sample ;[
is not s varisbls), or resin contsnt (when thickness is not a variadle), A r;
gross defect in the laminate, such as a dry spot or resin concemtration, will iy
causd a sudden meter deflection es the prove paszes fro» normsl laninate to a :
position over the dafective aree. . ' s
Thres mcdels of the instrument have boen bullts the first ves battery L
operated, the second used eithor batteries or regular line voltage, wille the - ANy
Model 3 irstrwoent operates frem 110 volts alternating current, The oscillator &i
¢ircuit is contalced in the hemd<held probe, which is a stasnuless stesl cylinder Y )
asout & inches long and 2-1/4 inches in diauater. Ths contact electrode, which R

is placed against the surface to be inspacted, consists of a l-inch-diameter

. 4 [
ot AL |
=gl

brass roller, mownted on a brass shaft several inches long., The contact elsctrode

E" ; | is insulated from the stainless stesel shell of the prabe by a polystyrens tushing, | {
B! ’ >

{ ;

ﬁ.‘ 1. Thicknsas Meagire.ent _ .' o
L&
F?’ The Model 3 instrument functions well as & laminate thickness gage. : 3
KAl Applyling the instrumest to the group of samples described in Table 1, « plot o
&';x of moter reading as a function of laminate thickneas wvas obtained, This plot N
: {\f is shown in Migure 1. Since the sarples all contatin shout 38,5 per cent resin i
:ii content, thivknees of tre samples is the critical variable, i @4
:‘ J - - --_‘ %
oy To gss if the probe would be functional on lamirates with considerable {'.
N currature, tho following experiment was performed. A thisknesg-measurement test
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was xade on a section of glass-reinforced plastic ofl-well tubing. The 3-1/2-
inch-0D tubing is made with glass-mat reinforcement and is centrifugally cast,
* The roller electrode was placed against the outer surface of the tubing, and
readings were taken at 45-degree intervals aroud the circumferexce. A tubling -
. nicrometer was used %o obtain actual thickness resdings for correlation with
' the meter valuss, Tuls relationship is shown in Figure 2, The maxiwum wall
thickness variation is about 0.025 inch, and is readily indicated by the probe.

»

o ant N

Reain content as well as thickness of laxinates affect the plate cwrrent
readings of the Model 3 probe, Although thickness appears to have the greater
effect, it is possible to use the instrument as a resin-content gage,

For resin.content measurement tests, penels cf the same thickmess -
€1/4 inch) wers chosen, Table 2 describes thess samples, Ths resin-content
rsage covered by these samples extends from sbout 30 to 80 per cent., Mat and
cloth type reinforcament is used in the saxples, although no sample contains

R both types, The curves in Figure 3 show plate currant plotted as a function of TP
3 ths rezin content of the samples, Note that ths curve from the cloth-reinforced :
% i samples differs distinctly from the mat-sarples curve, Evidently the type of -
) reinforcement affects the measurements, ) 120
ﬁu; 't
. . . |
< it
N ) CONCLUSTORS g
! . (1) Visual inspection is still the best nondestructive test for laminate quality, oy
X vhen the materisls concerned are not opeque, {3
"r'.' (2) a sktlled inspector, using “tepping® tests, can locate suspicious areas in Pk
g opaque laminates by noting the duller sound obtalned when tapping these S e
¥ arcas. An electrcmachanical tapping device may be effective for checking i 1 4
. the bord of the outer skin to honsycomb reinforcement. . LN
E‘: {3) Dye pemetrints will detect laminar defects ocsuring at the edges of a panel, ]
b and will also show surface porosity and crazing, 3 ¥
Y (4) Radiography will detect internal density variations, porosity, and cloth I
1 folds, but 1s usually ineffective for locating delaminations, :
(5) 2t present, pulse-scho ultrasonlc techniques are ineffective for laminate  _ : f.,
S inspection, ! 'k“&'
(6) Though-transmission ultrasonic tests are quite effective for locating ' ;Eﬁ
Iaternal dafecta auch ss delaminations, dry spots, and gross porosity, L 4
ia srall lamirate panels. One regacycls operation is superior to 5 megacycles, kF‘%
L A
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(7) One resonant-frequency instrument, the FMSS-5 Audigage, used with a Type B
irsnsducer, vill effectively measure laminate thickness with accuracy within
8 per cent, It will also determine the depth of delamination defect with
the same degree of accuracy.
_ (8) Work is in progress on adapting barium titanate transducers to the Magnaflux
- Sonizon, which may enable it to effectively measure laminate thickness and
X locate delaminations,
(9) Dielectric tests can effectively measure laminate thickness from one side of
N the work piece, They can also be used to quickly determine resin conteat of
<y § laminates, if the thickness variable is relatively constant, Detection of
Y 4 resin concentrations or dry spots are possible under certain conditions,
i \ : : (10) Tke current research program may result in improved dielectric~testing
?‘ E equipment, and modified resonant-frequency ultrasonic instrumentse
S
S -
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Lo B AUTOMATIC BORESIGHT MEASURING EQUIPMENT

John B. Damonte and Al Gaetano =
Dalmo Victor Company, San Carlos, Californix

ABSTRACT

N f " The high fineness ratio required by modern boresight radomes
I A ; ~ has reduced present day radome design to an art rather than a
I ' " science. The radome designer must have at his disposal some
SR S means of rapidly collecting boresight shift data, which he can
1 : employ to improve or control a given radome design.

RN

“F : This paper describes an automat.ic bqresig’ht measuring

E _ _ system, consisting of a radome mounting fixture, a radar track-
S ing antenna and a null seeking mechanism, which can be employed

! ] to provide such data, The automatic boresight measuring equip-
. | _ment ia able to automatically collect and record boresight data,
I i cross talk data, and the vectoY sum of these two as a function of the
o1 angle of look. The accuracy of these measurements is better than.

g _ 0. 25 mils,

L 03 e P

% ) : 'I;his particular set of automatic boresight measuring equip-
Lot ' ment can also be employed as a radiation pattern measuring device.

+ I INTRODUCTION

O . . A chain is no stronger than its weakest link." Two links of

b | " particular importance to the aeronautical electronics engineer are

the radar antenna and the radome, The tracking radar antenna is

responsible for detecting the target of interest and then accurately

: : determining its relative angular position and range. The radome

N is responaible for enclosing and protecting the radar antenna during
3 flight, introducing little or nu <rror in the location of the target of

interest (boresight error).

With the advent of guperaonic aircraft, nose radomes have
assumed conical shapes with high-fineness ratios, rather than the
hemicpherical rzadomes formeorly used with subsonic aircraft. This
3 change to high-fineness vatio conical radomes has greatly increased
the radome designes's problemn, acpecially in connection with bore-
sight shift for various angles of look. Radome design is presently
at a state where it is mo e of an art than a science, and therefore
the ralome designer m:. .t hava some tool that will allow him to evalu-
ate just how good a radome may be, and just how its characteristics

very az small changes are miule in radome construction,
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The purpose of this paper is to describe such a tool ~-- an
automatic beresight measuring instrument. This particular set .
of boresight equipment consists of: :

. 8) a radar tracking antenna and a beam shift recording Lo 2*“
: mechanism which together establish a radar line of : t%i
: sight, and %

b) a radome mounting fixture which supports the test
" radome associated with the tracking antenna and rotates O
in such a manner that all points on the radome may be G

explored. R ?‘%
; : S ),
] : o Basically, the equipment is capable of simultaneously measur- ' AN
E ing and recording the boresight error, the cross talk error, and the ' §<-
vector sum of these two, over angular cuts of 100° with a measure- : ﬁ

ment accuracy of the order of 0,2 milliradians. '

] : MECHANICAL DESIGN

The problem of designing a radome mounting fixture such that
we may conveniently explore any desired portion of a given radome,
at first sounds like a straightforward design procedure. However,
we must be careful that whatever scanning motion is employed truly
reproduces the scanning motion that takes place in the actual instal- -.
lation, Consider, for exaraple, an aircraft installation of a tracking -
antenna and a radome where the antenna executes an azimuth sweep
for an elevation zngle of -10*, The intergection of the radar line of
sight with the radome is a curve, parabolic in form, that lies ina
plane parallel to the axis of the radome., If we were to install the
radome about the tracking antenna on the pattern range, and if we
were to take an azimuth cut by rotating the radome for the radome
tilted relative to the fixed tracking antenna to simulate =10° in
elevation at dead ahead, the intersection of the line of sight with the
radome in this case is a curve parabolic in form, but lying in a plane
that intersects the axis of the radome, These two cuts are not
equivalent. Figure 1l indicates just how the varicus azimuth and
elevation sweeps intersect the radome, It can be showa that if we
wish to accurately duplicate the boresight errora encountered in an
actual installation, that the test radome muat be mounted with its
azimuth and elevation axes interchanged. The mechanical design
philosophy of the radome mounting fixture is baged cn this premise,
Briefly, it may be described as follows:
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! The positioning mechanism shown in Figure 2 coasists of a
"vertical axis' turntable on which is mounted the half-yoke support
for the "horizontal axis" scanning mechanisra, The "horizoatal
axis" scanning mechanism is mounted on the half-yoke with large
diamet :r bearings and supports the radome ring bearings, It is
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motor driven throughout its operating range. The radome support
‘ ring is mounted on roller bearings to permit rotation of the -
- - radome on its own axis through 360°, A suitable clamp is provided
. to lock the radome support ring at any desired setting. The sup-
port ring inside diameter is 46" and will accarodate radomes up to
.- - 42v in diameter, The equipment can be modified to accomodate
: larger radomes, Maximum great circle angular motion permitted
by the 46" ring is approximately 100°. A mounting plate is provi-
ded at the upper end of the antenna support bracket for mounting the
particular radar tracking antenna associated with ths radome under
test, A boresight telescope bracket is mounted on the "horizontal
axis' scanning mechaniem parallel to the radome axit and normal
to the radome support ring, This boresight telescops mounting
enables the operator to calibrate the test equipment and to check
its accuracy, The antenna support bracket is rigidly attached to the
base of the radome mounting fixture for boresight error measure-
ments. It can be employed in conjunction with the turntable for
radiation pattern measurements. -

The other end of the boresight measuring equipment consists.
of a null seeking system. This system includes a microwave shaping
‘device and a positioning mechanism mounted on a pedestal which
utilizes a biplaner parallelogram linkage to position the microwave
shaping device, This particular piece of automatic boresight
measuring equipment was designed for a 1, 000" boresight range

] and the null seeking mechanism is designed to search a 30 x 30
; : milliradian sector,

ELECTRICAL DESIGN

B Electrically, the aut omatic boresight measuring equipment

- : operates somewhat as follows: a microwave source ¢f energy

ool _ supplies energy via a flexible coaxial cable to a parabolic antenna

N mounted or the null seeking mechaanism, This antenna transmits a

X pencil beam in the direction of the radome and radar tracking antenna

: ' mounted at the other end of the 1, 000" boresight range., The radar

et tracking antenna receives this energy as modified by the radome and

N develops a tracking error signal proportional to the apparent location

el of the null seeker source of energy. Theee tracking error signals

, are resolved into azirmuth and elevation components and are fed back

S to motors that control the null seeker, which in turn drives the null

hat | ~ seeker in such a manner as to reduce the tracking error signal to

e | . zero, As the radome is rotated through some desired cut, the

o effect of the radome changes and the apparent location of the null

B! changes, thereby chaunging the relative poaition of tha null seeker.

AR The position of the null seeker is traasmitted to a graphic recorder

4y where boresight errcr, cross talk error and the vactor sum of these

e two are available for analysis,
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A block diagram of the boresight servo a.mpliﬁer is shown in
Figure 3, and its operation may be described as follows:

Energy is accepted by the tracking radar antenna system which,
in this particular case, is a conical scanning antenna operating at &
spin rate of 35 cycles per second, This signal is detected by a
crystal video detector and is applied to a two-stage video amplifier,
The output of this amplifier is detected by means of a simple "box-
car" type of detector using a keyed datection scheme. This method
of detection is useful in reducing the 1,300 cycle noise in the ampli-
fier and it also helps to alleviate certain overloading and blocking
conditions that might exist under extreme transient errors. This
detector extracts the spin frequency miodulaticn and amplifies it.

The I, 000 cycle carrier frequency is rejected by a series filter
arrangement and the smocthed output is applied tc a narrow band,

35 cycle amplifier filter, which discriminates again=st spin frequency
second harmonic noise., The resulting signal is phase detected,

using as a reference two voltages derived from the scanner spin
generator which are indicative of the azimuth and elevation beam
position. The two DC outputs of the phase sensitive detectors are

fed through servo compensated networks, and then chopped at 60
cycles before being applied to their respective motor drive ampli-
fiers. Two feed back loops are provided around the motor drive
amplifiers. The first loop is employed to reduce the output impedance
to prevent single phasing of the servo motors. The second loop
employs tachometer feed back to reduce the motor time constant

and therefore allows a higher locg gain with a resulting improved
static accuracy, Tachometer feed back also iImproves the high frequency
response thereby reducing the effects of wind loading.

Typical response curves for such a system are shown in
Figure 4, These curves indicate that the dynamic error, as limited
by servo response, for a ramp boresight shiit pattern with a slope
of 3 mils per degree, is somewhat less than 0.3 mils for a rotational
rate of 180° per 10 minutes, If tachometer feed back is employed,
the maximum error can be reduced to less than 0,2 mils for a
rotational rate of 180° per 5 minutes, and to less than 0.1 mil for
a rotational rate of 180°* per 10 minutes,

The factors which ultimately determine the accuracy of the
boresight measurement can be conveniently divided into static and
dynamic syatem accuracies, The static errors include such factors
as motor g2nsitivity, noise due to spin frequency second harmonic

, and carrier demodulation, drift of balance, wind locading, machanical

stiction and magnetron instabilities, The sum totil of these errors
is relatively small, probably of the order of 0.075 milliradians,

The dynamic inaccuracies include such factors as servo system
response, reference gererator phasing and wind loading, As des-
cribed above, the servo response depends somewhat oa the alope of
the boresight error; for ar extremely poor radome (boresight shift
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rate of 3 milliradians per degree) with a 3 minute data collection-
period, the maximum error due to servo response was less than

0.2 mils. The proper adjustment of the reference generator phaaing
is important in reducing cross talk. Experiments to date indicate .
that small inaccuracies in spin generator phasing do not materially
affect the overall accuracy. Wind loading is a problem that must

be considered on an individual site basis. The frequency spectrum
of most wind gusts is sufficiently high to cause jitter in the tracking
sysiem unless extremely high servo frequency response is obtained,
The use of a high gain, rapid response tachometer feed back loop
immediately around the motor and its driving amplifier has been
instrumental in reducing wind gust effects to a tolerable minimum, .
: On an overall basis, the boresight measurement equipment is able
S5 to operatewith an accuracy of better than + 0,25 mils.. On the
2 average, the accuracy of the system is probably better than 0,2 mils.
i Obvicusly, the accuracy of the system will depend in a large measur
on the boresight rate of the radome and the speed with which the -
a0 boresight data is .collected,
l‘ :
2 DATA COLLECTION RATES :
s Tke automatic boresight measuring equipment described above ¢
by provides the radome designer with a tool that will quickly and accu- i
Ced: | : o rately determine the boresight shilt characteristica of a given radome, 1
T} ] : The various points on the radome may be explored by taking azimuth
NN ] . cuts, elevation cuts and/or circumferential (roll) cuts, The data %?_;
P\ {.. : collection rates depend on the maximum boresight shift slope likely KRS
308 , to be encountered and the required measurement accuracy. Fora e
. e rather poor boresight radome (maximum shift slope of 3 mils/degree) i
O and a measurement accuracy of + 0, 25 mils, a 100* azimuth or , g%\,\
SN : elevation cut would require 2.8 minutes. For a reasonably good e
N boresight radome (maximum shift slope of 0.5 mils/degree) and a ‘%%
R 1 measurement accuracy of + 0,25 mils, a 100° azimuth and elevation )
] cut would require 0,5 minutes. For radomes with small boresight _ :’1\*
~y shift rates, one can employ a long data collection period and possibly K
i realize boresight accuracies of 0.1 mil, “gﬁ
B N o
SN
) CONGLUSIONS - B’
o . 1) The high-fineness ratio required by modern boresight S5
'y > radomes reduces present day radome design to an art rather than 4
e ' a science. i
oo "‘5_
NV 2) A radome designer must have at hig disposal some e ans -
N of rapidly collecting boresight shift data which he can employ to Egr‘:
*3:: [ impreve or control a given radome design, o
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3) An automatic boresight measuring system consistiug of
a radome mounting fizxture, a radar tracking antenna, and a null
seeking mechanism, can be employed to provide such data. _ o >

4) The automatic boresight measuring equipment is abie . .
to automatically collect and record boresight data, cross talk data, _ o
and the vector sum of these two as a function of angle of look. The :
-aceuracy of these measurements is better than 0, 25 mils,

5) The actoraatic boresight measuring equipment can alao
be employed as a radiation patterr measuring device.
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- the o design of the metal screen radome (under investigation per H333e- -
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3. Hationsl Buresu of Standards Riomr-132-52 study of irorganic flnorosilicates
in comnection with radoss materials requirements )
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techniques for radome applications OXR Project Exgineer W. Arsem
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© 900°F Buder Projsct Bngiresr P, Coodwn

2. Porest Products Laboratory Mier 01683 - Joint USiP-Yavy srograx-dsvelopment
of crite la for the more efficient design of reinforced riastic structures
includin publication of 43~17 Bulletin "Plastics for Adreraft — Part I

Rednforced Plastics® June 1955 Buler Projecl Sngineer P.Y. Goodsin

- 3. Imperial Glass Corporation Noas 55-213-c - development of & higher moculus
(stiffer) glass fiber for use in reinforced plastica
Buder Project Ergineer P.X. Goodwin

k. Vitro Lsboratories NGas 56-382-¢ - investigation of ire feasibility of elect ro-—
phoretic deposition of wiiformly thick bonded solids onto plasiic-radozss £ raln
e¢rosion protection BuAre Projent Enyleer I. Be Grlayge

Ya  Zuslinghouse Electric Corporatior N0as 51-88li-¢ ~ develogrent of Keir irdomiss
lncluding an investigation of the eff:sct on KelF proparties of irraiiation, kirh
Leaperatures, and special fabricatior. techniques.
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A. Current Research and Development Projects

ta
MO

LA
.

iE
. 1S
D . 1. Design and development of radomes for use in miasiles and inter- ‘ 9
1 ceptors. 1E
e, ] ; -;
AN E 2. Measurement of dielectric constant and Ioss tangent cf dielectric H
e materials at elevated temperatures.
_":,j 3. Development of equipment fo~ the measurement of insertion phase i
g ] delay of dielectric walls. . 2
. . b
SNE S 4. Development of microwave antennas for use in missiles which re- 1
XLy quire a radome as an integral part. 3
Vi
*xNa 5. Theoretical and experimental investigations of the various types
DE of obstacles which affect radome pointing errors.
.\.4 6. Investigation of the various techniques of radome error prediction. H
‘%1 7. St:dy of the electromagnetic transmission characteristics of doubly. Z 5
:\‘: curved dielectric walls. %
:&'} . 4‘ ‘
A 8. Measurement of the near-field of antennas with and without radomes. . 3
\ :
Vo 9. Investigation to compare the error produced by a radome when ik
o mounted in front of a monopulse type antenna and when the same 3
N . radome is mounted in front of a conical scanning antenna. i
] :d’.: - .
- {4 B. Additional work is required on the following subjects: }} t'\'
) P 1. Near-field measurement accuracy required for the prediction of o
'};* radome pointing errora.
‘~\~o 1
:‘}1 2. The accuracy of the presently known techniques of measuring near-
Lo, ficids. 1
’,.\";" ) z :
[ IR N 3. tae permissitle electrical non-uniformity in a fabricated radome .
e resulting in a 8o - called "uniform radome" as determired by meas- E
:“_{ urements made on pointing error measuring facilities.
-';"'-] 4. Investigation of the clecrromagnetic effect of the nose of a stream- ° ’
Ay lined radome in producing radome pointing errors.
- d C. Thae chief investigators are:
ot ' D. E. Adler V. Galindo H. A. Schetne
"*3‘ J. 8. Ajioka F. T. Hata C. B. Shaw, Jr.
% M. Bar H. R. Hope G. 1. Tsuda 3
5 C. B. Barker V. J. Jenkins B. L. Walsh R
i 5 S. R. Boy': S. Kaspin L. W. Wilson )
G J. E. Fromn. L. L. Philipson J. Zorzy 1
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PLASTICS DEPARTMENT

A. Cusrent Research and Development Projects

1. Investigation of heat-resistant polymers; directed toward the
development of materials capable of withstanding flight at high
Mach numbers, including a study of the mechanisms of thermal
degradation, the prevention of loss of strength at elevated tempera-
tures, and the development of new and improved polymers for high
temperature applicatioas.

. 2. Development of radome materials of uniform and controlled diclec-

e ] tric constant, by the use of combinations of kigh dielectric constant

\ 3 fillers. :

a;, J

Rl - _;§ 3. Investigation of alternate techniques and tooling for economical pro-

d'. ? : “duction of high quality radomes, particularly for intérceptor aircraft. )
YRR

5 4. Invectigation of materials, configurations, protective devices, etc.,
A for missile radomes to render them capable of flight at tactical
velocities in rain and after prolonged exposure to adverse climatic

bbbl

N conditions.

AT .

;§ i B. Suggestions for Future Programs

b, Investigation and development of dielectric materials adequate for use on

8 3 migsiles and aircraft at supersonic speeds. Some requireqd characteristics are
listed below:

1. Maintenance of dielectric constant within acceptable limits over
the operating range of temperatures.

R 2. Mechanical strength at operating temperatures sufficient to with-
o atand acceleration and aerodynamic loads.

bl ‘ 3. Ability to withstand thermal sho~k caused by aerodynamic heating.
4. Reeistance to rain erosion at tactical velocities.

C. The Chief Investigators ars:

f“-: ! Dr. E. L. Armi, Head of Flastics Department
N Mr. J. H. Bero, Assistant Head of Flastics Department
Mr. ¥, Crofut, Staff Consultant

_— . 1:1'11'

Mr. M. D. Hudson, Head of Components Development Section
. Mr. G. D. Rehevtson, Head of Materials Application Section
g Mr. E, 7. ®mith, Head of Applied Physics Group
Q. Mr, R. H. Vreeland, Head of Enginsering Projects Group
. Dr. R. A. Spurr, Senior Staff Chemist

Mr. J. B. Rust, Senior Staff Chemist
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